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ABSTRACT 



An optical modulator suitable for use in, for example, a 
terminal apparatus in an optical communication system 
when an optical signal is modulated has a power splitting 
unit for splitting a power of an incident light into two split 
lights, a first intensity modulating unit for performing an 
intensity modulation on one of the split lights split by the 
power splitting unit and outputting an intensity-modulated 
optical signal containing a direct current component, an 
optical phase shifting unit for performing a phase shift on the 
other of the split lights split by the power splitting unit such 
that the light has a phase opposite to that of the intensity- 
modulated optical signal, and a direct current component 
suppressing unit for making the intensity -modulated optical 
signal and the light subjected to the phase shift interfere with 
each other to suppress the direct current component con- 
tained in the intensity-modulated optical signal and output- 
ting the intensity-modulated optical signal, thereby obtain- 
ing the modulated optical signal with a high extinction ratio 
although being driven at a low voltage. 

11 Claims, 16 Drawing Sheets 
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OPTICAL MODULATOR AND AN OPTICAL 
MODULATING METHOD 

BACKGROUND OF THE INVENTION 

(1) Field of Ihe Invention 

The present invention relates to an optical modulator and 
an optical modulating method suitable for use when an 
optical signal is modulated in, for example, a terminal 
apparatus in an optical communication system. 

(2) Description of Related Art 

In recent years, it is required to transmit an enormous 
volume of information, with development of a highly 
information -oriented society. As means for transmitting such 
an enormous volume of information, there are used optical 
communication systems transmitting information as optical 
signals. 

In the optical communication system, a higher transmis- 
sion speed is required year after year since a modulation rate 
of signals is increased more and more. For this, optical 
devices of an optical waveguide type such as external 
modulators or the like for high-speed modulation of signals 
are used in various places. 

In the optical modulator used in such an optical commu- 
nication system, there are expectation for a higher modula- 
tion rate and a demand for a lower voltage used to drive the 
optical modulator in order to decrease a size of a chip of the 
optical modulator. Namely, there is a demand for an optical 
modulator which can modulate light at a high-rate and can 
be driven at an extremely low voltage. 

In order to drive a known optical modulator at a low 
voltage, there are assumed two manners. Namely, the modu- 
lator is driven at a low voltage [Vq-V-l shown in FIG. 16(a)] 
in the vicinity of 0 output of an output light power as shown 
in FIG. 16(a), or the modulator is driven at a low voltage 
[Vq'-Vj' shown in FIG. 16(6)] in a portion where a slope of 
the output light power is the steepest, as shown in FIG. 
16(6). 

However, when the known optical modulator is driven at 
a low voltage in the vicinity of 0 output of the output optical 
power, it is impossible to obtain a large modulated optical 
signal since the output optical power is a sine wave 
waveform, as shown in FIG. 16(a). When such the modu- 
lated optical signal is used in the optical communication 
system, information in the optical signal is lost because of 
degradation of the optical signal waveform upon transmis- 
sion. 

On the other hand, when the optical modulator is driven 
at a low voltage in a portion where the slope of the output 
optical power is the steepest, an extinction ratio is degraded 
since a direct current light [indicated by reference character 
d in FIG, 16(6)] is superimposed on the modulated optical 
signal although a large modulated optical signal can be 
obtained, as shown in FIG. 16(6). 

SUMMARY OF THE INVENTION 

In the light of the above problems, an object of the present 
invention is to provide an optical modulator and an optical 
modulating method, which can yield a modulated optical 
signal of a high extinction ratio although the modulator is 
driven at a low voltage. 

The present invention therefore provides an optical modu- 
lator comprising a power splitting unit for splitting a power 
of an incident light into two split lights, a first intensity 
modulating unit for performing an intensity modulation on 
one of the split lights split by the power splitting unit and 
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outputting an intensity-modulated optical signal containing 
a direct current component, an optical phase shifting unit for 
performing a phase shift on an optical phase of the other of 
the split lights split by the power splitting unit such that the 

5 split light has a phase opposite to that of the intensity- 
modulated optical signal, and a direct current component 
suppressing unit for making the intensity-modulated optical 
and the light subjected to the phase shift by the optical phase 
shifting unit interfere with each other to suppress the direct 

10 current component contained in the intensity-modulated 
optical signal. 

The power splitting unit may split the incident light such 
that a power of the other split light is equal to the direct 
current component contained in the intensity-modulated 
15 optical signal. 

Alternatively, the power splitting unit may split the inci- 
dent light such that a power of the other split light is equal 
to the maximum level of the intensity-modulated optical 
signal. 

20 Still alternatively, the power splitting unit may split the 
incident light such that a power of the other split light is an 
optical power intermediate between the maximum level of 
the intensity-modulated optical signal and the direct current 
component. 

25 The power splitting unit, the first intensity modulating 
unit, the optical phase shifting unit and the direct current 
component suppressing unit may be integrally formed using 
optical waveguide elements formed on an optical substrate. 

30 At this time, the optical phase shifting unit may be an 
optical waveguide on the optical substrate, an optical path 
length of which is so adjusted that the other of the split lights 
split by the power splitting unit has a phase opposite to that 
of the intensity-modulated optical signal. 

35 The optical phase shifting unit may perform a phase 
modulation on an optical phase of the other of the split lights 
split by the power splitting unit. 

The second intensity modulating unit for performing the 
intensity modulation on the other of the split lights split by 

40 the power splitting unit and the optical phase shifting unit 
may be integrally formed. 

The present invention further provides an optical modu- 
lator comprising a power splitting unit for splitting a power 
of an incident light into two split lights, a modulating unit for 

45 performing an intensity modulation and a phase modulation 
on one of the split lights split by the power splitting unit, and 
outputting an optical signal containing a direct current 
component, an optical phase shifting unit for performing a 
phase shift on an optical phase of the other of the split lights 

50 split by the power splitting unit such that the light has a 
phas« opposite to mat of the above optical signal from the 
modulating unit, and a direct current component suppressing 
unit for making the optical signal from the modulating unit 
and the light subjected to the phase shift by the optical phase 

55 shifting unit interfere with each other to suppress the direct 
current component contained in the optical signal from the 
modulating unit, and outputting the optical signal. 

The present invention still further provides an optical 
modulating method comprising the steps of, when a light 

60 propagated through an optical waveguide formed on a 
birefringent substrate is modulated and outputted, splitting 
an incident light into two split lights, performing an intensity 
modulation on one of the split lights containing a direct 
current component, while performing a phase shift on an 

65 optical phase of the other of the split lights such that the light 
has a phase opposite to that of an optical signal subjected to 
the intensity modulation, and making the intensity- 
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modulated optical signal and the light subjected to the phase 
shift to suppress the direct current component contained in 
the intensity-modulated optical signal, and outputting the 
intensity-modulated optical signal. 

According to the optical modulator and the optical modu- 
lating method of this invention, an intensity -modulated 
optical signal which is one split light obtained by splitting a 
power of an incident light and a light subjected to a phase 
shift which is the other split light are made interfere with 
each other to suppress a direct current component contained 
in the intensity-modulated optical signal, and the intensity- 
modulated optical signal is output ted. Whereby, it is possible 
to obtain a modulated optical signal with a high extinction 
ratio while the optical modulator is driven at a low voltage, 
which leads to a decrease in scale of a chip of the optical 
modulator. 

The optical phase shifting unit performs a phase modu- 
lation on an optical phase of the other of the split lights split 
by the power splitting unit so that a direct current component 
contained in the intensity-modulated optical signal can be 
suppressed more effectively. 

The second intensity modulating unit for performing the 
intensity modulation on the other of the split lights obtained 
by splitting a power of the incident light by the power 
splitting unit and the optical phase shifting unit are integrally 
formed so that the second intensity modulating unit can vary 
an intensity of the split light. Accordingly, the optical 
modulator can be driven in a state of an arbitrary modulation 
or at an arbitrary minute voltage, with a high extinction ratio. 

The optical modulator has the modulating unit for per- 
forming the intensity modulation and the phase modulation 
on the other of the split lights split by the power splitting 
portion and outputting an optical signal containing a direct 
current component. It is therefore possible to suppress the 
direct current component contained in the intensity- 
modulated optical signal more effectively since the modu- 
lating unit complementarily adjusts a state of phases of the 
two split lights. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram showing a structure of an 
optical modulator according to a first embodiment of this 
invention; 

FIG. 2 is a diagram for illustrating an operation of the 
optical modulator according to the first embodiment of this 
invention; 

FIG. 3 is a diagram for illustrating a first mode of the 
operation of the optical modulator according to the first 
embodiment of this invention; 

FIGS. 4(a) through 4(d) are diagrams for illustrating the 
first mode of the operation of the optical modulator accord- 
ing to the first embodiment of ihis invention; 

FIG. 5 is a diagram for illustrating a second mode of the 
operation of the optical modulator according to the first 
embodiment of this invention; 

FIG. 6 is a diagram for illustrating the second mode of the 
operation of the optical modulator according to the first 
embodiment of this invention; 

FIG. 7 is a diagram for illustrating a third mode of the 
operation of the optical modulator according to the first 
embodiment of this invention; 

FIG. 8 is a diagram for illustrating the third mode of the 
operation of the optical modulator according to the first 
embodiment of this invention; 

FIG. 9 is a schematic diagram showing a structure of an 
optical modulator according to a modification of the first 
embodiment of this invention; 
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FIG. 10 is a schematic diagram showing a structure of an 
optical modulator according to a second embodiment of this 
invention; 

FIG. 11 is a diagram for illustrating an operation of the 
5 optical modulator according to the second embodiment of 
this invention; 

FIG. 12 is a diagram for illustrating the operation of the 
optical modulator according to the second embodiment of 
this invention; 

10 FIGS. 13(a) through 13(c) are diagrams for illustrating 

the operation of the optical modulator according to the 

second embodiment of this invention; 

FIG. 14 is a schematic diagram showing a structure of an 
15 optical modulator according to a first modification of the 

second embodiment of this invention; 
FIG. 15 is a schematic diagram showing a structure of an 

optical modulator according to a second modification of the 

second embodiment of this invention; and 
20 FIGS. 16(a) and 16(b) are diagrams for illustrating an 

operation of a known optical modulator. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

25 Hereinafter, description will be made of embodiments of 
this invention with reference to the drawings, 
(a) Description of a First Embodiment 

FIG. 1 is a schematic diagram showing a structure of an 
optical modulator according to a first embodiment of this 

30 invention. 

An optical modulator 10 shown in FIG, 1 is used as an 
external optical modulator for modulating a light emitted 
from a signal light source such as a semiconductor laser or 
the like in, for example, a transmitting unit of an ultra-high- 

35 speed optical communication system. 

An optical waveguide 2 and an intensity modulating unit 
3 are formed on a substrate 1 to form the optical modulator 
10, in which a light propagated through the optical 
waveguide 2 is modulated and emitted. 

40 The substrate 1 has an electrooptic effect. As the substrate 
1, a lithium niobate substrate whose crystal structure is cut 
in the Z-axis direction (Z-cut LiNb0 3 substrate) is used. 

The optical waveguide 2 is configured with an input 
waveguide 2-1, intermediate waveguides 2-2 and 2-3, and an 

45 output waveguide 2-4. The intermediate waveguides 2-2 and 
2-3 are connected in parallel to the input waveguide 2-1 and 
the output waveguide 2-4 via a Y-shaped splitting portion 2A 
and a Y-shaped recombining portion 2B. 
The Y-shaped splitting unit 2A splits a power of an 

50 incident light into two splitted lights, which functions as a 
power splitting unit. According tc tbe firs 1 , embodiment, the 
Y-shaped splitting unit 2A equally splits the incident light 
from the input waveguide 2-1. 
The intensity modulating unit 3 has an optical waveguide 

55 3C of a Mach-Zehnder type, a travelling-wave electrode 3A 
and a grounding electrode 3B, which is formed in a part of 
either the intermediate waveguide 2-2 or 2-3 (the interme- 
diate waveguide 2-2 in FIG. 1). 

The intensity modulating unit 3 has a function similar to 

60 that of known optical modulators of a Mach-Zehnder type. 
According to the first embodiment, the intensity modulating 
unit 3 is driven at a low voltage [Vq'-Vj 1 shown in FIG, 
16(b)] in a portion where the slope of the output optical 
power is the steepest, as shown in FIG. 16(b) mentioned 

65 above. When the intensity modulating unit 3 is driven at a 
low voltage in a portion where the slope of the output optical 
power is the steepest, a direct-current light [reference 
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numeral d in FIG. 16(6)] is superimposed on the optical lights of equal power by the Y-shaped splitting portion 2 A 
signal whose intensity has been modulated, as described when the optical modulator 10 modulates the light propa- 
before. Therefore, the optical signal whose intensity has gated through the optical waveguide 2 formed on the sub- 
been modulated is outputted in a state where the optical strate 1 and outputs it. 

signal contains a direct-current light component from the 5 Following that, one of the split lights containing a direct 

intensity modulating unit 3 [refer to FIGS. 3(a) and 5]. current component split by the Y-shaped splitting portion 2 A 

Namely, the intensity modulating unit 3 performs an is subjected to the intensity modulation by the intensity 

intensity modulation on one of the split lights split by the modulating unit 3 when propagated through the intermediate 

Y-shaped splitting portion 2A, and outputs an intensity- waveguide 2-2. On the other hand, the other of the split 

modulated optical signal containing a direct current com- 10 lights split by the Y-shaped splitting portion 2A is subjected 

ponent as a noise component, which functions as a first to the phase shift such as to have a phase opposite to that of 

intensity modulating unit. the optical signal subjected to the intensity modulation when 

A metal such as titanium (Ti) or the like in thickness of propagated through the intermediate waveguide 2-3 whose 
about 900 A is evaporated on a surface of the substrate 1, optical path length has been adjusted, 
patterns are formed by photolithography and etching, and 15 As shown in FIG. 2, the intensity-modulated optical 
left for eight hours in oxygen at a high temperature of, for signal propagated through the intermediate waveguide 2-2 is 
example, 1000° C, to diffuse the metal such as Ti or the like indicated by (l), whereas the light subjected to the phase 
into the substrate 1, whereby the optical waveguides 2 and shift propagated through the intermediate waveguide 2-3 is 
3C are formed. A width of the patterns of the optical indicated by ©. An output waveform of the intensity- 
waveguides is about 7 //m. The input waveguide 2-1 and the 20 modulated optical signal and an output waveform of the 
output waveguide 2-4 are single -mode waveguides. light subjected to the phase shift are shown in FIG. 3. A 

The travelling- wave electrode 3 A and the grounding relation between the output waveform of the intensity- 
electrode 3B are formed by evaporating a metal such as gold modulated optical signal and a driving voltage, and a rela- 
(Au) or the like on the optical waveguide 3C. The travelling- tion between the output waveform of the light subjected to 
wave electrode 3A and the grounding electrode 3B are 25 the phase shift and the driving voltage are shown in FIGS, 
connected to a driving circuit not shown. The travelling- 4(a) and 4(6), respectively. 

wave electrode 3A and the grounding electrode 3B are One of the split lights split by the Y-shaped splitting 

applied thereto a voltage according to an input signal portion 2A is subjected to the intensity modulation in a state 

(modulating signal) from the driving circuit to vary a where the split light contains a direct current component 

refractive index of the optical waveguide 3C, thereby modu- 30 (refer to a reference character d) as shown in (l) in FIG. 3. 

lating a direct-current light inputted from a semiconductor On the other hand, the other of the split lights split by the 

laser (not shown) via the inputting waveguide 2-1 and the Y-shaped splitting portion 2A is subjected to the phase shift 

intermediate waveguide 2-2. such that only an optical phase of which is opposite to that 

The intermediate waveguide 2-3 propagates the other of of the above intensity-modulated optical signal although an 

the split lights split by the Y-shaped splitting unit 2A. 35 intensity of which remains the same, as shown in (2) in FIG. 

According to the first embodiment, an optical path length of 3. Incidentally, (f) in FIG. 3 does not show the shift of the 

the intermediate waveguide 2-3 is adjusted such that an optical phase of the split light executed, 

optical phase of the other split light is opposite to that of the According to the first embodiment, the Y-shaped splitting 

above optical signal subjected to the intensity modulation. portion 2 A equally splits the incident light from the input 

Namely, the intermediate waveguide 2-3 shifts an optical 40 waveguide 2-1. Therefore, a power D of one of the split 

phase of the other of the split lights split by the Y-shaped lights split by the Y-shaped splitting portion 2A is equal to 

splitting unit 2 A such that the optical phase of the other split the maximum level B of the intensity-modulated optical 

light is opposite to that of the above intensity-modulated signal outputted from the intensity modulating unit 3, which 

optical signal, which functions as an optical phase shifting is the other of the split lights split by the Y-shaped splitting 

unit. 45 portion 2 A (refer to (l) and © in FIG. 3). 

The Y-shaped recombining portion 2B recombines the The intensity-modulated optical signal propagated 
two split lights propagated through the intermediate through the intermediate waveguide 2-2 and the light sub- 
waveguides 2-2 and 2-3 and outputs a recombined light. jected to the phase shift propagated through the intermediate 
According to the first embodiment, the Y-shaped recombin- waveguide 2-3 are recombined by the Y-shaped recombining 
ing portion 2B makes the above intensity-modulated optical 50 portion 2B. 

signal and the light whose phase has been shifted interfere At this time, the intensity-modulated optical signal and 

with each other so as to suppress the direct current corapo- the light subjected to the phase shift interfere with each other 

nent contained in the above intensity-modulated optical at the Y-shaped recombining portion 2B so that an optical 

signal, and outputs it. Namely, the Y-shaped recombining signal whose direct current component contained in the 

portion 2B functions as a direct current component sup- 55 intensity-modulated optical signal is suppressed is outputted 

pressing unit. therefrom. 

In the optical modulator 10 according to the first In FIG. 2, the optical signal recombined at the Y-shaped 
embodiment, the Y-shaped splitting unit 2A as the power recombining portion 2B and outputted to the output 
splitting unit, the intensity modulating unit 3 as the first waveguide 2-4 is indicated by (§), and an output waveform 
intensity modulating unit 3, the intermediate waveguide 2-3 60 of the optical signal is shown in FIG. 3. 
as the optical phase shifting unit and the Y-shaped recom- According to the first embodiment, since the power D of 
bining unit 2B as the direct current component suppressing one of the split lights split by the Y-shaped splitting portion 
unit are integrally formed using optical waveguide elements 2 A is equal to the maximum level B of the intensity- 
formed on the optical substrate 1. modulated optical signal outputted from the intensity modu- 

In the optical modulator 10 according to the first embodi- 65 lating unit 3, which is the other of the split lights split by the 

ment of this invention with the above structure, the incident Y-shaped splitting portion 2A, and phases of the two split 

light from the input waveguide 2-1 is split into two split lights are shifted 180° from each other as shown in .(l) and 
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(2) in FIG. 2, an optical signal whose phase is opposite to 
that of the intensity-modulated optical signal and whose 
direct current component contained in the above intensity- 
modulated optical signal is suppressed is outputted to the 
output waveguide 2-4 as shown in (5) in FIG. 3. 5 

Namely, when the power D of one split light is equal to 
the maximum level B of the intensity-modulated optical 
signal and a phase difference between the two split lights at 
a driving voltage V 0 [refer to FIG. 4(a)] is x, an intensity F 
of the optical signal recombined by the Y-shaped recombin- 
ing portion 2B and outputted is determined through an 
equation (1). In the equation (1), C represents the minimum 
level of the intensity-modulated optical signal. The intensity 
F of the optical signal so determined is shown in FIG. 4(c). 

F-Jamplitudc of C (containing phasc)+amplitudc of D| 2 (1) 15 

Since an optical path length of the intermediate 
waveguide 2-3 is adjusted in the first embodiment, it is 
possible to eliminate an offset of the optical wavelength 
corresponding to the driving voltage V 0 in the intensity 
modulating unit 3. Accordingly, the driving voltage can be 20 
0 to (Vq-VJ, as shown in FIG. 4(d). 

The optical signal whose direct current component is 
suppressed by the Y-shaped recombining portion is output- 
ted through the output waveguide 2-4. 

In the optical modulator 10 according to the first embodi- 25 
ment of this invention, the intensity-modulated optical sig- 
nal from the intensity modulating unit 3 and the light 
subjected to the phase shift when propagated through the 
intermediate waveguide 2-3 interfere with each other to 
suppress the direct current component contained in the 30 
intensity-modulated optical signal, and outputted. 
Consequently, it is possible to obtain a modulated optical 
signal with a high extinction ratio while the optical modu- 
lator is driven at a low voltage, and decrease a scale of a chip 
of the optical modulator. 35 

When the optical modulator 10 according to the first 
embodiment is used in a transmitting unit of an optical 
communication system, a relation between an insertion loss 
and a driving voltage of the optical modulator 10 is trade-off. 
For this, only if the insertion loss of the optical modulator 10 40 
is permitted, it is possible to provide the optical modulator 
with a high extinction ratio which can be driven at an 
extremely low driving voltage. In the optical communication 
system, it is possible to amplify a light extremely efficiently 
at present so that there is a great room for permission of the 45 
insertion loss of the optical modulator 10. 

In the description of the first embodiment, the Y-shaped 
splitting portion 2 A equally splits the incident light from the 
input waveguide 2-1 such that the power D of the split light 
propagated through the intermediate waveguide 2-3 is equal 50 
to the maximum bvel B of fbc intensity-modulated optical 
signal outputted from the intensity modulating unit 3. 
Alternatively, the Y-shaped splitting portion 2 A may split the 
incident light from the input waveguide 2-1 such that the 
power D of the split light propagrated through the interme- 55 
diate waveguide 2-3 is equal to the direct current component 
C contained in the intensity -modulated optical signal out- 
putted from the intensity modulating unit 3. 

FIG. 5 shows an output waveform of the intensity- 
modulated optical signal, an output waveform of the light 60 
subjected to the phase shift and an output waveform of the 
optical signal recombined by the Y-shaped recombining 
portion 2B and outputted therefrom, in the above case. FIG. 
6 shows an intensity F of the optical signal recombined by 
the Y-shaped recombining portion 2B and outputted 65 
therefrom, which is determined through the above equation 
(D- 



In the above case, as shown in (I) and (2) in FIG. 5, the 
power D of one of the split lights split by the Y-shaped 
splitting portion 2Ais equal to a direct current component C 
(that is, reference character d described before) contained in 
the intensity-modulated optical signal outputted from the 
intensity modulating unit 3, which is the other of the split 
lights split by the Y-shaped splitting portion 2A, and phases 
of the two split lights are shifted 180° from each other. 
Accordingly, an optical signal whose phase is the same as 
the above intensity modulated optical signal and in which 
the direct current component contained in the intensity- 
modulated optical signal is suppressed as shown in (5) in 
FIG. 5 is outputted to the output waveguide 2-4. 

Still alternatively, the Y-shaped splitting portion 2A may 
split the incident light from the input waveguide 2-1 such 
that the power D of the split light propagated through the 
intermediate waveguide 2-3 is an optical power intermediate 
between the maximum level B of the intensity-modulated 
optical signal outputted from the intensity modulating unit 3 
and the direct current component C 

FIG. 7 shows an output waveform of the intensity- 
modulated optical signal, an output waveform of the light 
subjected to the phase shift and an output waveform of the 
optical signal recombined by the Y-shaped recombining 
portion 2B and outputted therefrom in this case. FIG. 8 
shows an intensity F of the optical signal recombined by the 
Y-shaped recombining portion 2B and outputted therefrom, 
which is determined through the above equation (1). 

In the above case, as shown in (l) and (5) in FIG. 7, the 
power D of one of the split lights split by the Y-shaped 
splitting portion 2A is an optical power intermediate 
between the maximum level B of the intensity-modulated 
optical signal outputted from the intensity modulating unit 3, 
which is the other of the split lights split by the Y-shaped 
splitting portion 2A, and the direct current component C, 
and phases of the two split lights are shifted 180° from each 
other. Accordingly, the optical signal in which the direct 
current component contained in the intensity-modulated 
optical signal is suppressed is outputted to the output 
waveguide 2-4, as shown in (5) in FIG. 7. 

In the above case, if a driving voltage Vq-Vj is applied to 
the optical modulator 10, it is possible to obtain a double - 
frequency output, as shown in FIG. 8. When the double 
frequency output is detected, it is possible to know that a 
deviation occurs in a setting which equalizes the power D of 
the split light to the maximum level B of the intensity- 
modulated optical signal as in the first embodiment goes 
wrong. Further, it is possible to apply a method for correct- 
ing the deviation. 

(al) Description of a Modification of the First Embodi- 
ment 

FIG. 9 is a schematic diagram showing a structure of an 
optical modulator according to a modification of the first 
embodiment of this invention. An optical modulator 10A 
shown in FIG. 9 is used as an external optical modulator for 
modulating a light emitted from a signal source such as a 
semiconductor laser or the like in, for example, a transmit- 
ting unit of a ultra-high-speed optical communication sys- 
tem. 

A substrate 1, an optical waveguide 2 and an intensity 
modulating unit 3 are similar to those according to the first 
embodiment described above. In the optical modulator 10A 
according to this modification, a phase modulating unit 4 is 
formed in a part of an intermediate waveguide 2-3. 

The phase modulating unit 4 has a linear optical 
waveguide 4C, a travelling-wave electrode 4A and a ground- 
ing electrode 4B. 
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In this modification, the phase modulating unit 4 compli- 
mentarily performs a phase modulation such that an optical 
phase of one of the split lights split by a Y-shaped splitting 
portion 2A is opposite to that of the above intensity- 
modulated optical signal, which functions as a part of the 
optical phase shifting unit. 

The linear optical waveguide 4C is formed similarly to the 
optical waveguide 2 and the optical waveguide 3C in the first 
embodiment. 

The travelling-wave electrode 4A and the grounding 
electrode 4B are also formed similarity to the travelling- 
wave electrode 3A and the grounding electrode 3B in the 
first embodiment. The travelling-wave electrode 4A and the 
grounding electrode 4B are connected to a driving circuit not 
shown. A voltage from the driving circuit is applied to the 
travelling-wave electrode 4A and the grounding electrode 
4B to change an refractive index of an optical waveguide 
4C, thereby modulating a phase of a direct current light from 
a semiconductor laser (not shown) incident through an input 
waveguide 2-1 and an intermediate waveguide 2-2. 

The above optical modulator 10A can give the same 
functions and effects as the optical modulator 10 according 
to the first embodiment. 

The optical modulator 10A according to this modification 
performs the phase modulation such that one of the split 
lights split by the Y-shaped splitting portion 2A has an 
opposite phase with respect to an optical signal subjected to 
the intensity modulation by the phase modulating unit 4 
while propagated through the intermediate waveguide 2-3. 

In the optical modulator 10A, the phase modulating unit 
4 has a function of complement arily adjusting a state of a 
phase of the split light propagated through the intermediate 
waveguide 2-3 so that a direct current component contained 
in the intensity-modulated optical signal can be more effec- 
tively suppressed. 

(b) Description of a Second Embodiment 

FIG. 10 is a schematic diagram showing a structure of an 
optical modulator according to a second embodiment of this 
invention. 

An optical modulator 20 shown in FIG. 10 is used as an 
external optical modulator for modulating a light emitted 
from a signal light source such as a semiconductor laser or 
the like in, for example, a transmitting unit of an ultra-high- 
speed optical communication system. An optical waveguide 
12 and an intensity modulating units 13 and 14 are formed 
on a substrate 11, whereby a light propagrated through the 
optical waveguide 12 is modulated and output ted. . 

In the optical modulator 20, the optical waveguide 12 is 
configured with an input waveguide 12-1, intermediate 
waveguides 12-2 and 12-3 and an output waveguide 12-4. 
The in termediate wav e guides 12 : 2 and 12-3 are emm^cted^ 
in parallel to the input xv^^S^TT-T^^^IEg output 
waveguide 12-4j^j^Y : shaped spul{ln^|fc^iO%ri2A J lrn£ra 
Y-stia^e^recom to ^nio^^BT'^"^ m * " ' ,_ " 

ITie^sTiaped splitting portion 12A splits a power of an 
incident light into two split lights, which functions as a 
power splitting unit. 

The intensity modulating unit 13 has an optical 
waveguide 13C of a Mach-Zehnder type, a travelling-wave 
electrode 13A and a grounding electrode 13B, which is 
formed in a part of the intermediate waveguide 12-2. 

The intensity modulating unit 13 performs an intensity 
modulation on one of the split lights split by the Y-shaped 
splitting protion 12A and outputs an intensity-modulated 
optical signal containing a direct current component as a 
noise component, similarly to the intensity modulating unit 
3 according to the first embodiment, which functions as a 
first intensity modulating unit. 
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The intensity modulating unit 14 has an optical 
waveguide 14C of a Mach-Zehnder type, a travelling-wave 
electrode 14 A and a grounding electrode 14B, which is 
formed in a part of the intermediate waveguide 12-3. 

5 The intensity modulating unit 14 performs the intensity 
modulation on the other of the split lights split by the 
Y-shaped splitting portion 12A and outputs an intensity- 
modulated light (that is, changes a light quantity of the other 
of the split lights split by the Y-shaped splitting portion 

1Q 12A), which functions as a second intensity modulating unit. 
The intermediate waveguide 12-3 whose optical path 
length is adjusted performs a phase shift on an optical phase 
of the other of the split lights split by the Y-shaped splitting 
portion 12A such that the other split light has a phase 
opposite to that of the above intensity-modulated optical 

15 signal, which functions as an optical phase shifting unit. 
In the optical modulator 20, the intensity modulating unit 
14 as the second intensity modulating unit and the interme- 
diate waveguide 12-3 as the optical phase shifting unit are 
integrally formed. 

20 The Y-shaped recombining portion 12B recombines the 
two split lights propagrated through the intermediate 
waveguides 12-2 and 12-3. According to the second 
embodiment, the Y-shaped recombining portion 12B makes 
the above intensity-modulated optical signal and the light 

25 subjected to the phase shift and the intensity-modulation 
interfere with each other to suppress the direct current 
component contained in the above intensity-modulated opti- 
cal signal, and outputs it. Namely, the Y-shaped recombining 
portion 12B functions as a direct current component sup- 
pressing unit. 

The substrate 11 and the intensity modulating unit 13 are 
similar to the substrate 1 and the intensity modulating unit 
3 according to the above first embodiment. Further, the 
intensity modulating unit 14 is similar to the intensity 
modulating unit 3 according to the first embodiment. 

35 The optical waveguide 12 is formed similarly to the 
optical waveguide 2 according to the first embodiment. 

In the optical modulator 20 according to the second 
embodiment, the Y-shaped splitting portion 12A as the 
power splitting unit, the intensity modulating unit 13 as the 

40 first intensity modulating unit, the intermediate waveguide 
12-3 as the optical phase shifting unit, the intensity modu- 
lating unit 14 as the second intensity modulating unit and the 
Y-shaped recombining unit 12B as the direct current sup- 
pressing unit, mentioned above, are integrally formed using 

45 optical waveguide elements formed on the optical substrate 
11. 

According to the second embodiment, the Y-shaped split- 
ting portion 12A splits the incident light from the input 
waveguide 12-1 such that the maximum level C of the light 

50 subjected to the phase shift and the intensity modulation 
outputted from the intensity modulating unit 14 is eq'jal to 
the direct current component (namely, reference character d 
described before) contained in the intensity-modulated opti- 
cal signal outputted from the intensity modulating unit 13. 

55 In the optical modulator 20 with the above structure 
according to the second embodiment of this invention, when 
the light propagated through the intermediate waveguide 12 
formed on the substrate 11 is modulated and outputted, the 
incident light from the input waveguide 12-1 is split into two 

60 split lights of equal power by the Y-shaped splitting portion 
12A. 

Following that, one of the split lights split by the Y-shaped 
splitting portion 12A is subjected to the intensity modulation 
by the intensity modulating unit 13 when propagated 
65 through the intermediate waveguide 12-2 to be an intensity- 
modulated optical signal containing a direct current com- 
ponent. 
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Oa the other hand, the other of the split lights split by the current component contained in the above intensity- 
Y-shaped splitting portion 12A is subjected to the phase shift modulated optical signal is suppressed is outputted to the 
so as to have a phase opposite to that of the optical signal output waveguide 12-4, as shown in (5) in FIG. 12. 
subjected to the intensity modulation while propagated Namely, when the maximum level C of the intensity- 
through the intermediate waveguide 12-3 whose optical path 5 modulated light is equal to the minimum level B of the 
length is adjusted, and subjected to the intensity-modulation intensity-modulated optical signal, and a phase difference 
by the intensity modulating unit 14, at the same time. bet ^ D * e 5? S V\^ at the driving voltage V, [refer 

As shown in FIG. ll/che intensity-modulated optical 10 ^ 15 ^ ma * mum eve £ of the mtensity- 

signal propagated through the intermediate waveguide 12-2 mo J a ^ ^ the minimum leve IB of the intensity. 

■ •.»• . a u /T\ u .u • . a,.i^a modulated optical signal cancel each other. 

is indicated by ®, whereas the mtensity- modulated optical 10 When ^ bctwcen ^ minimum kvd D of 

signal subjected to the phase shift propagated trough the ^ mtensi {y. modulated light and the maximum level A of 
intermediate waveguide 12-3 is indicated by ®. FIG. 12 ^ intensity . modulated optical signa i is deC reased (namely, 
shows an output waveform of the intensity-modulated opti- when a voltage change from the driving voltage ^ t0 Vj is 
cal signal, and an output waveform of the intensity- synchronized with a voltage change from the driving voltage 
modulated light subjected to the phase shift. FIGS. 13(a) and is y 3 to V 4 ), an intensity F of the optical signal recombined by 
13(b) show a relation between the output waveform of the mc Y-shaped recombining portion 12B and outputted there- 
intensity-modulated optical signal and a driving voltage, and from j s determined through an equation (2). 
a relation between the intensity-modulated light subjected to 

the phase shift and the driving voltage, respectively. F=|amplitude of A (containing phase>4-ampliiude of D (containing 

One of the split lights split by the Y-shaped splitting 20 phase)|2 (2) 

portion 12A is subjected to the intensity modulation in a The intensity F of the optical signal determined through 

state where the split light contains the direct current com- the equation (2) is shown in FIG. 13(c). As shown in FIG. 

ponent (refer to reference character d) as shown in (l) in 13(c), when the driving voltages V a and V 4 are applied at the 

FIG. 12. On the other hand, the other of the split lights split same time, the intensity F of the optical signal becomes the 

by the Y-shaped splitting portion 12A is subjected to the 25 maximum level. When the driving voltages V 2 and V 3 are 

intensity modulation as shown in (5) in FIG. 12, and applied at the same time, the intensity F of the optical signal 

subjected to the phase shift such that the light has an optical becomes the minimum level (0 level), 

phase opposite to that of the above intensity-modulated According to the second embodiment, it is possible to 

optical signal. vary an intensity of the split light by the intensity modulating 

In the second embodiment, according to a setting of a 30 unit 14. It is therefore possible to obtain an effect of 

ratio of the split by the Y-shaped splitting portion, the decreasing a difference in phase at the intensity F of the 

maximum level C of the intensity-modulated light outputted optical signal as compared with the first embodiment, which 

from the intensity modulating unit 14, which is one of the can increase the intensity F of the optical signal as a result, 

split lights split by the Y-shaped splitting portion 12A, is The optical signal in which the direct current component 

equal to the direct current component B (that is, the mini- 35 is suppressed by the Y-shaped recombining portion 12B is 

mum level of the intensity-modulated optical signal, denoted outputted through the output waveguide 12-4. 

by reference character d described before) contained in the The optical modulator 20 according to the second 

intensity-modulated optical signal outputted from the inten- embodiment of this invention makes the intensity- 

sity modulating unit 13, which is the other of the split lights modulated optical signal from the intensity modulating unit 

split by the Y-shaped splitting portion 12 A (refer to (l) and 40 13 and the light subjected to the phase shift and the intensity 

(f) in FIG, 12). modulation while propagated through the intermediate 

Further, the intensity-modulated optical signal propagated waveguide 2-3 interfere with each other to suppress the 

through the intermediate waveguide 12-2 and the intensity- direct current component contained in the in tensity - 

modulated light subjected to the phase shift propagated modulated optical signal, and outputs a modulated optical 

through the intermediate waveguide 12-3 are recombined by 45 signal. Therefore, it is possible to obtain a modulated optical 

the Y-shaped recombining portion 12B. signal with a high extinction ratio although the optical 

At this time, the intensity-modulated optical signal and modulator 20 is driven at a low voltage, thus decreasing a 

the intensity-modulated light subjected to the phase shift scale of a chip of the optical modulator, 

interfere with each other at the Y-shaped recombining por- Further, it is possible to vary an intensity of the split light 

tion 12B so that an optical signal in which the direct current 50 by the intensity modulating unit 14 so that the optical 

component contained in the ^.toavty-Tiodulatsd optics 1 modulator can be drivsn with a bigh extinction ratio, in an 

signal is suppressed is outputted therefrom. arbitrary modulation state or at an arbitrary minute voltage. 

The optical signal recombined by the Y-shaped recom- In the second embodiment, the Y-shaped splitting unit 

bining portion 12B and outputted to the output waveguide 12A may split the incident light with another different ratio, 

12-4 is indicated by (5) in FIG. 11, and an output waveform 55 as well as the first embodiment. 

of the optical signal is shown in FIG. 12. (bl) Description of a First Modification of the Second 

According to the second embodiment, the maximum level Embodiment 

C of the intensity-modulated light outputted from the FIG. 14 is a schematic diagram showing a structure of an 

intensity -modulating unit 14, which is one of the split lights optical modulator according to a first modification of the 

split by the Y-shaped splitting portion 12A is equal to the 60 second embodiment of this invention. An optical modulator 

minimum level B of the intensity-modulated optical signal 20A shown in FIG, 14 is used as an external optical 

outputted from the intensity modulating unit 13, which is the modulator for modulating a light emitted from a signal light 

other of the split lights split by the Y-shaped splitting portion source such as a semiconductor laser or the like in, for 

12 A, and phases of the two split lights are shifted 180° from example, a transmitting unit of a ultra-high-speed optical 

each other, as shown in (l) and (2) in FIG. 12. Accordingly, 65 communication system. 

the optical signal having the same phase as the above A substrate 11, an optical waveguide 12 and an intensity 

intensity-modulated optical signal and in which the direct modulating units 13 and 14 are similar to those according to 
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the second embodiment described above. In the optical 
modulator 20 A according to the first modification, a phase 
modulating unit 15 is formed in a part of an intermediate 
waveguide 12-3. 

The phase modulating unit 15 is similar to the phase 
modulating unit 4 according to the modification of the first 
embodiment, which has a linear optical waveguide ISC, a 
travelling-wave electrode 15A and a grounding electrode 
15B. 

According to the first modification, the phase modulating 
unit 15 complementarily performs a phase modulation on an 
optical phase of one of split lights split by a Y-shaped 
splitting portion 12A such that the split light has a phase 
opposite to that of an intensity-modulated optical signal, 
which functions as a part of an optical phase shifting unit. 

The optical modulator 2 OA can give the same functions 
and effects as the above-mentioned optical modulator 20 
according to the second embodiment. 

The optical modulator 20A according to the first modifi- 
cation performs the phase modulation on one of the split 
lights split by the Y-shaped splitting portion 12 A such that 
the split light has a phase opposite to that of an optical signal 
subjected to the above intensity modulation by the phase 
modulating unit 15 while propagated through the interme- 
diate waveguide 12-3. 

In the optical modulator 20A, the phase modulating unit 
15 has a function of complementarily adjusting a state of 
phase of the split light propagated through the intermediate 
waveguide 12-3 so that a direct current component con- 
tained in the intensity-modulated optical signal is suppressed 
more effectively. 

(b2) Description of a Second Modification of the Second 
Embodiment 

FIG. IS is a schematic diagram showing a structure of an 
optical modulator according to a second modification of the 
second embodiment of this invention. An optical modulator 
20B shown in FIG. 15 is used as an external optical 
modulator for modulating a light emitted from a signal light 
source such as a semiconductor laser or the like in, for 
example, a transmitting unit of a ultra-high-speed optical 
communication system. 

A substrate 11 and an optical waveguide 12 are similar to 
those according to the above second embodiment. Intensity 
modulating units 13' and 14' are similar to the intensity 
modulating units 13 and 14 according to the above second 
embodiment. 

In the optical modulator 20B according to the second 
modification, the intensity modulating unit 13' and a phase 
modulating unit 16 for performing a phase modulation on an 
optical phase of one of the split lights split by a Y-shaped 
splitting portion 12A are integrally formed, whereas the 
intensity modulating unit 1.4' and a phase modulating unit 17 
for performing a phase modulation on an optical phase of the 
other of the split lights split by the Y-shaped splitting portion 
12 A are integrally formed. 

The intensity modulating unit 13' has an optical 
waveguide 13C of a Mach-Zehnder type, a travel ling- wave 
electrode 13A' and a grounding electrode 13B'. The intensity 
modulating unit 14' has an optical waveguide 14C of a 
Mach-Zehnder type, a travelling-wave electrode 14A' and a 
grounding electrode 14B'. 

The phase modulating units 16 and 17 are similar to the 
phase modulating unit 4 according to the modification of the 
first embodiment. The phase modulating unit 16 has a linear 
optical waveguide 16C, a travelling-wave electrode 16Aand 
a grounding electrode 16B, whereas the phase modulating 
unit 17 has a linear optical waveguide 17C, a travelling- 
wave electrode 17A and a grounding electrode 17B. 
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According to the second modification, the phase modu- 
lating unit 17 complementarily performs the phase modu- 
lation on an optical phase of one of the split lights split by 
a Y-shaped splitting portion 12A such that the light has a 
5 phase opposite to that of an intensity-modulated optical 
signal outputted from the intensity modulating unit 14', 
which functions as a part of an optical phase shifting unit. 

Namely, the optical modulator 20B according to the 
second modification has the Y-shaped splitting portion 12A 
10 for splitting a power of an incident light into two split lights, 
a modulating unit for performing the intensity modulation 
and the phase modulation on one of the split lights split by 
the Y-shaped splitting portion 12A and outputting an optical 
signal containing a direct current component (the intensity 
15 modulating unit 13' and the phase modulating unit 16 in the 
second modification corresponding to the modulating unit), 
the optical phase shifting unit for performing the phase shift 
on the other of the split lights split by the Y-shaped splitting 
portion 12A such that the other split light has an optical 
20 phase opposite to that of the above optical signal from the 
modulating unit (the intermediate waveguide 12-3 and the 
phase modulating unit 17 corresponding to the optical phase 
shifting unit), and the Y-shaped recombining portion 12B for 
making the above optical signal from the modulating unit 
25 and the light subjected to the phase shift by the optical phase 
shifting unit interfere with each other to suppress the direct 
current component contained in the above optical signal 
from the modulating unit and outputting the optical signal. 
The optical modulator 20B can give the same functions 
3d and effects as the optical modulator 20 according to the 
second embodiment. 

In the optical modulator 20B according to the second 
modification, the two split lights split by the Y-shaped 
splitting portion 12 A are subjected to the intensity modula- 
35 tion by the intensity modulating units 13* and 14' while 
propagated through the intermediate waveguides 12-2 and 
12-3, and subjected to the phase modulation by the phase 
modulating units 16 and 17, respectively. 
The optical modulator 20B can vary an intensity of the 
4Q split light by the intensity modulating unit 14 1 . Therefore, it 
is possible to drive with a high extinction ratio the optical 
modulator 20B, in a state of arbitrary modulation or at an 
arbitrary minute voltage. 

In the optical modulator 20B, the phase modulating units 
45 16 and 17 have functions of complementarily adjusting 
states of phases of the two split lights propagated through the 
intermediate waveguides 12-2 and 12-3, respectively. 
Therefore, the optical modulator 20B has an effect of largely 
decreasing a phase difference at an intensity F of the optical 
50 signal recombined by the Y-shaped recombining portion 
12B and outputted therefrom, and effectively suppressing 
the direct current component contained in the intensity- 
modulated optical signal outputted from the intensity modu- 
lating unit 13'. 
55 What is claimed is: 

1. An optical modulator comprising: 

a power splitting unit for splitting the power of incident 

light into two courses of split light; 
a first intensity modulating unit connected to said power 
60 splitting unit for modulating the intensity of light on 
one of said two courses of split light split by said power 
splitting unit and for outputting an intensity-modulated 
optical signal containing a direct current component; 
an optical phase shifting unit connected to said power 
65 splitting unit for shifting the phase of light on the other 
course of split light split by said power splitting unit to 
produce a phase shifted optical signal having a phase 
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180° different from that of said intensity-modulated 
optical signal; and 
a direct current component suppressing unit connected to 
said first intensity modulating unit and said optical 
phase shifting unit for causing said intensity-modulated 5 
optical signal and said phase shifted optical signal to 
interfere with each other to suppress the direct current 
component contained in said intensity-modulated opti- 
cal signal. 

2. The optical modulator according to claim 1, wherein 10 
said power splitting unit splits said incident light such that 
the power of the light on the other course of split light is 
equal to the power of the direct current component contained 

in said intensity-modulated optical signal. 

3. The optical modulator according to claim 1, wherein 15 
said power splitting unit splits said incident light such that 
the power of the light on the other course of split light is 
equal to the maximum power of said intensity -modulated 
optical signal. 

4. The optical modulator according to claim 1, wherein 20 
said power splitting unit splits said incident light such that 
the power of the light on the other course of split light is at 

a power level intermediate between the maximum power of 
said intensity-modulated optical signal and the power of the 
direct current component. 25 

5. The optical modulator according to claim 1, wherein 
said power splitting unit, said first intensity modulating unit, 
said optical phase shifting unit and said direct current 
component suppressing unit are integrally formed using 
optical waveguide elements formed on an optical substrate. 30 

6. The optical modulator according to claim 5, wherein 
said optical phase shifting unit is an optical waveguide 
formed on said optical substrate and having an optical path 
length, the optical path length being adjusted so that the light 
on the other course of split light split by said power splitting 35 
unit has a phase opposite to that of said intensity-modulated 
optical signal. 

7. The optical modulator according to claim 5, wherein 
said optical phase shifting unit is operable of performing a 
phase shift on an optical phase of the other course of split 40 
light split by said power splitting unit such that said other of 
split light has a phase difference of 180° to that of said 
intensity-modulated optical signal. 

8. The optical modulator according to claim 5 further 
comprising a second intensity modulating unit for rnodulat- 45 
ing intensity of the light on the other course of split light split 
by said power splitting unit, said second intensity modulat- 
ing unit and said optical phase shifting unit being integrally 
formed. 

9. An optical modulator comprising: 50 
a power splitting unit for spuUing the power of incident 

light into two courses of split light; 
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a modulating unit for modulating the intensity and phase 
of light on one of the two courses of split light split by 
said power splitting unit, and for outputting an optical 
signal containing a direct current component; 

an optical phase shifting unit for shifting the optical phase 
of light on the other course of split light split by said 
power splitting unit to produce a phase shifted optical 
signal having a phase 180° different from that of the 
optical signal output by said modulating unit; and 

a direct current component suppressing unit for causing 
said optical signal output by said modulating unit and 
the phase shifted optical signal to interfere with each 
other to suppress the direct current component con- 
tained in said optical signal output by said modulating 
unit, and for outputting a suppressed optical signal. 

10. An optical modulating method comprising the steps 

of: 

when incident light is split into two courses of split light 
and then said split light is propagated through an 
optical waveguide formed on a birefringent substrate, 
modulating the intensity of light on one of the two 
courses of split light to produce a modulated optical 
signal containing a direct current component, and shift- 
ing the optical phase of light on the other course of split 
light to produce a phase shifted optical signal having a 
phase 180° different from that of the modulated optical 
signal; and 

causing said phase shifted optical signal and said modu- 
lated optical signal to interfere with each other to 
suppress the direct current component contained in said 
modulated optical signal, and for outputting a sup- 
pressed intensity-modulated optical signal. 

11. An optical modulator comprising: 

power splitting means for splitting the power of incident 
light into two courses of split light; 

first intensity modulating means for modulating the inten- 
sity of light on one of said two courses of split light split 
by said power splitting means and for outputting an 
intensity-modulated optical signal containing a direct 
current component; 

optical phase shifting means for shifting the phase of light 
on the other course of split light split by said power 
splitting means to produce a phase shifted optical signal 
having a phase 180° different from that of said 
intensity-modulated optical signal; and 

direct current component suppressing means for causing 
said intensity- modulated optical signal and said phase 
shifted optical signal to interfere with each other to 
suppress the direct current component contained in said 
intensity-modulated optical signal. 

* * * * * 
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(57) ABSTRACT 

An opto-electric device for measuring the root mean square 
value of an alternating current voltage comprises: a) an 
electric field-to-light-to-voltage converter having 1) a light 
source; 2) an electro -optic material: (a) receiving light from 
the light source; (b) modulating said light; and (c) providing 
a modulated light output; 3) an electric field applied to the 
electro -optic crystal to modulate the light from the light 
source to produce the modulated light output; b) an optical 
receiver for receiving and converting the modulated output 
light from the electro-optic material to a first voltage that is 
proportional to a square of the electric field applied to the 
electro -optic material; c) an averager circuit receiving the 
first voltage and providing a second voltage that is propor- 
tional to the average of said square of said electric field over 
a period of time; and d) an inverse ratiometric circuit 
receiving the second voltage from the averager circuit and 
returning a third voltage that is an inverse voltage of the 
second voltage to the electric field-to-light-to-voltage con- 
verter to produce an output voltage that is the root mean 
square voltage of the applied electric field. The device uses 
a Mach_Zehnder interferometer operating a a square "Taw 
de vice and feature s .ajiousingjor the interfer- 

o meter at^ cons tant temperature u^m^a temperature control^ 
umT^mITling"circuit is"provfded to maintain the interfer- 
ometer at it null operating point as are calibration circuits to 
correct for voltage amplitude and frequency changes. 
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OPTO-ELECTRIC DEVICE FOR 
MEASURING THE ROOT-MEAN-SQUARE 
VALUE OF AN ALTERNATING CURRENT 
VOLTAGE 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of U.S. Provisional 
Application 60/143,118 filed on Jul. 9, 1999 all of which is 
incorporated by reference as if completely written herein. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

The U.S. Government has a paid-up license in this inven- 
tion and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as 
provided for by the terms of contract No. N00024-97-C- 
4208 awarded by the Navel Sea Systems Command of the 
United States Department of the Navy. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates, in general, to an apparatus for 
measuring voltage and more particularly to apparatus for 
measuring the true root-mean-square (rms) voltage of an 
applied voltage signal. 

2. Background of the Invention 

True rms voltage electronic measurement devices are 
known and widely used. These devices electronically con- 
vert the AC voltage to a direct current (DC) output by 
squaring the voltage, averaging and then obtaining a square 
root. Integrated circuits (ICs) such as the AD536 from 
Analog Devices, Norwood, Mass. have less than 1% error at 
frequencies up to about 140 kHz with a 7 V rms input and 
6 kHz at a 10 mV rms input. A wide-bandwidth multiplier 
(squarer) such as the AD834 allows input bandwidth from 5 
Hz to over 20 MHz and a peak input of 10 V. The dynamic 
range of such devices is limited because the squarer must 
deal with a signal that varies enormously in amplitude. For 
example, an input signal of 1 mV to 100 mV results in a 1 
mV to 10,000 mV (10V) at the output of the squarer. 
Because of this effect, such devices are typically limited to 
a 10:1 dynamic range. To overcome this difficulty, the 
average of the output of the circuit is used to divide the input 
of the circuit. As such, the signals vary linearly rather than 
as the square of the input voltage. Although this increases 
the dynamic range of the circuit, it comes at the expense of 
less bandwidth. 

For the most accurate true rms voltage measurement, 
thermal voltage converter devices are used. These devices 
measure the rms value of the voltage by applying the 
unknown voltage to a heating element and then measuring 
the temperature change produced in the heating element. By 
comparing the heating value of an unknown ac signal to the 
heating value of a known calibrated dc reference, the value 
of the dc reference will equal the rms value of the unknown 
signal. Instruments such as the Fluke 540, WaveTek/Datron 
4920M, and other thermal voltage converters provide excel- 
lent performance at frequencies up to 1 MHz where the error 
is less than 0.1%, i.e., 100 ppm. Above 1 MHz, the error is 
about 1% while at 20 MHz the error increases to about 2%. 
Although the accuracy of the thermal voltage converter is 
superior to integrated circuit (IC)-based devices, the instru- 
ments are very fragile, have a limited dynamic range 
(typically of the order of 10 db), and are easily damaged by 
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small overloads. Morever, the heating process is relatively 
slow and making a series of measurements at just one 
frequency is very time consuming. 
In an effort to overcome some of the prior art limitations, 

5 Paulter (N.G . Paulter, "An electro-optic-based RMS voltage 
measurement technique," Rev. Sci. Instrum., Vol. 66 No. 6, 
June 1995, pp. 3683-3690) has developed an electro-optic 
device. The Paulter approach is based on an electro-optic 
cell that requires bulk optic components such as a large 

10 crystal, light beam splitters, lenses, and polarizers which 
introduce their own set of problems including alignment and 
stabilization considerations. Such bulk components and sup- 
porting setup are neither light weight nor portable. Further, 
since the device operates as a square law device, the range 

15 of voltage that can be handled is severely limited. 

In order to overcome these and other problems of the prior 
art instruments, it is an object of the present invention to 
provide a true root-mean square ac measuring device that 
utilizes an integrated electro-optical device. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that has a high 
measurement bandwidth. 
It is another object of the present invention to provide a 

25 true root-mean square ac measuring device that has a high 
damage overload threshold. 

It is another object of the present invention to provide a 
true root- mean square ac measuring device that is compact 
in size. 

30 It is another object of the present invention to provide a 
true root-mean square ac measuring device that has high 
sensitivity. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that has high 
35 measurement reliability. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that is optically 
isolated from its input source. 
40 Yet another object of the present invention is to provide a 
true root-mean square ac measuring device that provides 
temperature stability to an electro-optical component. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that provides 
45 null correction to an electro-optical component. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that provides an 
ac reference voltage to an electro-optical component. 
It is another object of the present invention to provide a 
50 true root-mean square ac measuring device that provides 
frequency correct ion for the output voltage. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that provides 
55 amplitude correction for the output voltage. 

Yet another object of the present invention is to provide a 
true root-mean square ac measuring device that is free of 
electromagnetic interference. 

It is another object of the present invention to provide a 
60 rapid method of taking true room-mean square ac 
measurements, especially at high frequencies. 

SUMMARY OF THE INVENTION 

An opto -electric device for measuring the root mean 
65 square value of an alternating current voltage comprises: a) 
an electric field- to-light-to-voltage converter having 1) a 
light source; 2) an electro-optic material: (a) receiving light 
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from the light source; (b) modulating said light; and (c) FIG. 7 is a trace illustrating the noise characteristics of the 

providing a modulated light output; 3) an electric field light source prior to the installation of a low pass filter, 

applied to the electro -optic crystal to modulate the light from FIG. 8 is a trace illustrating the reduction in noise 

the light source to produce the modulated light output; b) an characteristics of the light source after installation of a low 

optical receiver for receiving and converting the modulated 5 pass filter. 

output light from the electro-optic material to a first voltage FIG. 9 is a detailed schematic drawing of an integrated 

that is proportional to a square of the electric field applied to electro-optical modulator illustrating the Mach-Zehnder 

the electro-optic material; c) an averager circuit receiving waveguides, electrode positioning, attachment of input and 

the first voltage and providing a second voltage that is o^P* °P lical fibers 10 the Mach-Zehnder crystal substrate, 

proportional to the average of said square of said electric 10 l ° control the temperature of the electro-optical 

Lu „„„ „ „ f . .v ~\ • 10 device including a heater controller and thermistor, a printed 

field over a period of time; and d) an inverse ratiometnc board ^ MMaxn5tT tal ^ 

circuit receiving the j Second voltage from the averager circuit and b which the various connections a / e made to lhe 

and returmng a third voltage that is an inverse voltage of the e i ec trodes of the electro-optical device, and a housing in 

second voltage to the electric field -to-hght-to-voltage con- wnich the electro-optical device is enclosed, 

verier to produce an output voltage that is the root mean 15 piG. 10 is a plot of the Mach-Zehnder interferometer 

square voltage of the applied electric field. The device uses transmission characteristic. 

a Mach_Zehnder interferometer operating a a square law FIG. 11 is a comparison of the transfer characteristics 

device and features a housing for maintaining the interfer- between a perfect square response (square) and a cosine- 

ometer at constant temperature using a temperature control squared response at a null (diamond), 

unit. A nulling circuit is provided to maintain the interfer- 20 FIG 12 is a plot illustrating the difference between a 

ometer at it null operating point as are calibration circuits to perfect squaring function and the cosine-squared response at 

correct for voltage amplitude and frequency changes. a m \\ 

The foregoing and other objects, features and advantages FIG. 13 gives two plots, the upper plot being a trace of a 

of the invention will become apparent from the following voltage input at 10 kHz to the Mach-Zehnder device while 

disclosure in which one or more preferred embodiments of 1S the lower trace is the output received from the optical 

the invention are described in detail and illustrated in the squarer when the device is operating at quadrature, 

accompanying drawings. It is contemplated that variations FIG. 14 again gives two plots, the lower plot being a trace 

in procedures, structural features and arrangement of parts of an input signal at 100 kHz and the upper plot being the 

may appear to a person skilled in the art without departing output signal from the optical receiver when the Mach- 

from the scope of or sacrificing any of the advantages of the 30 Zehnder device has a bias point that is adjusted to the null, 

invention. The o ut P ut signal is frequency-doubled to 200 kHz as a 

result of the squaring action of the optical device. 

BRIEF DESCRIPTION OF THE DRAWINGS nG ^ again gives ^ plots> the lowef plQt ^ a trace 

FIG. 1 is a schematic block diagram of the present of an input signal and the upper plot being a trace of the 

invention illustrating the electro-optical device including the ^ optical receiver output when the Mach-Zehnder bias point is 

electro-optical squarer for modulating light by means of an not located exactly at the null. 

electric field and converting the modulated light to a voltage FIG, 16 is a schematic drawing illustrating the basic 

that is averaged and inverted to provide a root -mean-square circuitry of the optical receiver, the averager, and the inverse 

voltage of the input voltage. A DC null and AC calibration ratiometric circuit used in the basic operation of the true 

circuit along with input voltage switching and conditioning root-mean-square voltage converter, 

under the control of a computer are shown. FIG. 17 is a schematic drawing illustrating in detail the 

FIG. 2 is a schematic block diagram further detailing the workings of the AC calibration source of the current inven- 

electro-optical device of FIG. 1 in which the inverted DC *"» including an oscillator, true RMS converter, a DC 

voltage from the inverse ratio circuit is used to control the f^t™' and ^ aaalo S 10 *f lal ™ m ? n ™ 

light source intensity driver. A< (^DCs) under the contro1 of a ™cro-controller, and a digital 

0 , . , ' . , . , , , 45 trimmer. 

FIG. 3 is a schematic block diagram in which the voltage 1q describi ^ ferred embodiment of the 

from the inverse ratio circuit is returned to a multiplier wfaich [& fflustratcd in the drawings , spcci fi c terminology is 

circuit that multiplies the voltage from the optical receiver fCSOrtcd to fof {bR ^ of darf However, it is not intended 

by the voltage from the inverse ratio circuit to give an output that lhe invention ^ limite d to the specific terms so selected 

voltage that is the rms of the input voltage. 50 and it ^ t0 be understood that each specific term includes all 

FIG. 4 is a schematic block diagram in which the voltage technical equivalents that operate in a similar manner to 

from the averager circuit is used as an input to a divider accomplish a similar purpose. 

circuit that divides the voltage from the optical receiver by Although a preferred embodiment of the invention has 

the voltage from the averager circuit to give an output been herein described, it is understood that various changes 

voltage that is the rms of the input voltage. 55 and modifications in the illustrated and described structure 

FIG. 5 is a schematic block diagram in which the squared can be affected without departure from the basic principles 

voltage from the electro-optic device and optical receiver are that underlie the invention. Changes and modifications of 

processed by an averager with the output voltage sent to a mis tyP e are therefore deemed to be circumscribed by the 

square root circuit to obtain an output voltage that is the s P irit and of tae invention, except as the same may be 

root-mean-square (rms) of the input voltage. 6 0 necessaril y b y the appended claims or reasonable 

nG. 6 is a detailed block diagram of the light source equivalents thereof, 

module detailing the light source, the light source driver, DETAILED DESCRIPTION OF THE 

light source temperature controller with associated Peltier INVENTION AND BEST MODE FOR 

cooler, photodiode for power intensity control, an input for CARRYING OUT THE PREFERRED 

light intensity control using the feedback voltage from the 65 EMBODIMENT 

root-mean-square output, and the use of noise control With reference to the drawings and initially FIG. 1, a 

devices. measurement device 10 for measuring the true root-mean- 
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square value of an alternating current comprises an electric Alternatively, and as shown in FIG. 3, the inverse voltage 

fie Id -light -voltage converter 70 with a light source 20, in line 62 produced by the inverse ratio circuit 60 can be 

electro-optical device 30 for receiving and modulating light processed by a multiplier circuit 44 to provide a linear output 

22 from the light source 20 as a square law device under the voltage in line 46. That is, the voltage in line 42 which is a 

influence of an electric field produced by an input voltage 5 squared voltage of V^, i.e. V m 2 is multiplied by the inverse 

from line 28. The modulated light 32 is received by an average voltage in line 62 (l/v M ) to give a linear voltage in 

optical receiver 40 to produce a first voltage that is propor- ^ M 4^ ^ (y^^l/VJ, As shown in FIG. 4, the same 

tional to the square of the input voltage in line 28. The first result M be acn ieved bf eliminating the inverse ratio circuit 

voltage passes to an averager 50 by means of connection 42 6Q and returnmg trie output voltage from the averager and 

where averager 50 provides a second voltage that is propor- 1Q • u as a dividef m a divider circuit ^ mat divides the 

tional to the average of the square of the electric field over d yol b tfae a d t yoh b line g2> 

a period of tune The voltage output m line 52 is then feed /* 2 * ' & ^ ^ ^ $1 fc ^ 

to an inverse ratio circuit 60 that returns an inverse voltage * v m ' ™ u ' t * tn *- ,. « } x/ 2( t^- 

of the voltage in line 52 to the electric potential-light-voltage average of the "squared voltage in line 42 (V This 

converter 70 by means of line 62. By feeding back the vol "S e C*) » Pressed with a square root circuit 56 to 

inverse voltage to converter 70, an output voltage is pro- « give the true rms output voltage V our As iwill be appreciated 

duced in line 54 that is the root mean square voltage of the by those skilled in the art, the use of averager, div,der, 

applied electric field produced by the input voltage in line multiplier, and square root circuits is well known in the art 

28. Typically the output voltage in line 54 is used in as illustrated in R. B. Northrop, Introduction to Instrumen- 

conjunction with a high-precision digital dc voltmeter for tation and Measurements, CRC Press, Boca Raton, Fla., 

display of the true rms voltage. 20 1997) all of which is incorporated by reference as if com- 

As will be seen with respect to a discussion of FIGS. 2-5, pletely written herein. FIGS. 2-4 illustrate what may be 

the inverse voltage in line 62 can be used to control a light referred to as an implicit rms determination method while 

source intensity driver 24 for light source 20 (FIG. 2) or used FIG. 5 illustrates an explicit rms determination method, 

with the voltage in line 42 via a multiplier circuit 44 (FIG. Generally the use of an inverse ratio circuit as a control 

3) to provide a true root-mean-square (rms) voltage in line 25 voltage for the light source intensity driver 24 as shown in 

54. Alternatively, the voltage in line 52 can be processed FIG. 2 is the preferred mode of operation of the present 

with the voltage in line 42 using a divider circuit to provide invention as it affords a dramatic increase in the dynamic 

a true rms voltage in line 54 (FIG. 4) or the voltage in line input range (10 dB) and eliminates the "squared voltage 

52 can be processed with a square root circuit to provide the output" handling by optical receiver 40 and the subsequent 

rms output as shown in FIG. 5. 30 circuitry. Such large voltage outputs must be handled in 

In addition to the basic electro-optical device 80 shown in varying degrees by the various circuits illustrated in FIGS. 

FIG. 1 and as will be discussed later, the measurement 3-5. 

device 10 also features: 1) a housing 150 surrounding the Another key advantage of the use of the electro-optic 

electro-optic material 30 for controlling the environment of device 30 is that it eliminates high-frequency processing in 

device 30, 2) a switch 120 for switching between a calibra- 35 the electronics portion of the device. High frequency input 

tion source and the unknown voltage in line 12 (V^, 3) an anc j procession is found only in the electro-optic device 30. 

input conditioning circuit 130 for determining the frequency electronics processing in the optical receiver 40 and 

of the unknown voltage W in and, if necessary, attenuating or afterwards is at dc or low frequencies. The inverse ratio light 

amplifying the unknown voltage V^, and 4) aJDCjiull source control circuitry of FIG. 2 can be used with both bulk 
cir cuit 140 that provides for stable operation of the electro^ 40 and integrated electro-optic devices 30 to significantly 

opti cal device 30 as a square law device or souarer of the improve the dynamic range of the device. The use of an 

inpuTfi eld from line 28 . The device typically operates under integrated electro-optic configuration 30 results in a small 

the control of a computer 100 which can further improve the anc j vcrv rugged device that can be used with the various 

accuracy of the rms output voltage in line 54 by applying electronic signal processing circuits of FIGS. 2-5. Most 

frequency, amplitude, component, and circuit corrections 45 preferred is the use of an integrated electro-optic device 30 

from look-up tables to the rms output voltage. w j t h an inverse ratio circuit to control the light source 

Referring to FIGS. 2-5, and initially FIG. 2, the electro intensity and provide a small, rugged device with a high, 

optic material 30 and optical receiver 40 function as a square dynamic input range, 
law device to provide a voltage in line 42 that is the square 

of the input voltage in line 28. The voltage is passed to the 50 Ll S nt bource Module M 
averager 50 and the output js passed to an inverse ratio Referring to FIGS, 1--6 and especially FIGS. 2 and 6, the 
circuit 60 that is used to control the light source intensity light source module 20 comprises a light source 21 selected 
driver 24. Light source intensity (power) drivers with inten- to provide electromagnetic radiation 22 in the infrared to the 
sity (power) control input are well known such as the ultraviolet region. Preferably a light source 21 such as a 
Melles-Griot Model 06DLD203A available from Electro 55 light-emitting diode (LED) or infrared-emitting diode 
Optics of Boulder CO. Such devices have an intensity and/or (IRED) such as are commonly used in fiberoptic technology, 
power control input that can be conveniently connected to a Most preferred is a source of at least some coherent radiation 
control voltage. One of the key features in the current such as found in lasers or laser diodes such as the Ortel 
invention is the use of the output voltage in line 62 from the 1710B DFB (distributed feedback) laser (Ortel Corporation 
inverse ratio circuit 60 to control the intensity (power) of 60 (Alhambra, Calif., a part of Lucent Technologies' Micro- 
light source 20. As a result, the intensity of the light source electronics Group). The Ortel laser 21 operates at 1550 nm 
20 decreases with an increase of the input voltage in line 28. and includes an optical isolator to prevent optical feedback 
Effectively this converts the squared voltage output in line into the cavity causing intensity and frequency disturbances. 
42 (i.e., a voltage in line 42 that varies with the square of the It is connected to the electro-optic module 30 by means of 
input voltage V f „) to a linear voltage and has the advantage 65 a pigtail polarization maintaining (PM) fiber 27. The normal 
of increasing the dynamic input range of the device by a operating range of the laser is about 3 mW to 30 mW with 
factor of 10 dB. a maximum rated power of 35 mW. The laser diode has a 
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threshold drive current of 2.5 mA with about 220 mA 
required for a 30 mW output. The Ortel diode 21 was used 
with a Melles-Griot Power Source Package (06DLD203A; 

Boulder CO) 160 that consists of a light source driver 24, 
a light source temperature controller 25, and an input 5 
interface connection 26 for connecting the driver 24 to the 
input control voltage in line 62 received from the inverse 
ratio circuit 60. 

When the inverse voltage in line 62 is connected to the 
light source driver input 26 and used to control the light 10 
source output power 22 over a relatively wide range, e.g., 10 
dB, it is highly desirable that the drive voltage from line 62 
and light source power output 22 have a linear transfer 
characteristic. To this end, the Melles Griot laser diode 
driver 24 allows for operation in either a "stabilized current 15 
mode" or a "stabilized power mode" of operation. In the 
stabilized current mode, the laser current is determined 
solely by the voltage 62 applied to the modulation input of 
driver 24 and At the resulting drive current. The relationship 
between the modulation drive voltage 62 and the laser drive 20 
current is very linear. However, the relationship between the 
drive current and the laser output power 22 is not as good. 
The latter relationship shows saturation effects at high power 
levels. The modulation slope sensitivity over the quasi- 
linear range in constant current mode is approximately 9.4 25 
mW/V. 

In the "stabilized power mode," the Melles-Griot power 
supply uses an internal power-monitoring photodetector 221 
that is located at the rear of the laser diode package 220 to 3Q 
stabilize and linearize the transfer slope between the modu- 
lating input voltage in line 62 and the optical power output 
22. In the "constant power mode", the modulation slope 
sensitivity is about 210 mW/mV. Although the stabilized 
power mode of operation showed a maximum linearity error 35 
of a few percent, this was significantly better than the 
stabilized current mode of operation. In addition and 
because of the much greater sensitivity found in the constant 
power mode of operation, the constant power mode was 
chosen as the operational mode for the device. The loop gain ^ 
for the implicit true rms circuitry was modified accordingly 
by inserting a DC offset between the optical receiver 40 and 
the averager 50 in FIG. 1 (not shown). Alternatively a 
correction table can be stored in the computer 1C0 and the 
output voltage from the averager 50 (line 54) adjusted with 45 
computer software and to give an accurate output voltage 
V 

OUl- 

To reduce the noise characteristics of the light source 21, 
a low pass filter 222 was used in series between the light 
source 21 and the laser driver 24 to reduce radio frequency 50 
interference (RFT) from the driver 24. FIGS. 7 and 8 show 
the laser output noise level without and with the use of a low 
pass filter, respectively. An extraneous noise spike at 8.2 
MHz was noted and removed by using a clamp-on ferrite 
filter 223 around the lead from the temperature sensor 55 
(thermistor) 225 at the laser 21 to the temperature controller 
25 and the power lead 226 from the temperature controller 
25 to the thermoelectric laser cooler 23. The use of a Peltier 
cooler 23 inside of the light source package 220 maintains 
constant laser temperature which extends the laser diode $q 
lifetime and reduces considerably changes in wavelength 
caused by changes in carrier density during the modulation 
process. 

Although many of the above refinements are related to the 
specific light source 21 that was used and its driver 24 and 65 
temperature controller 25, those skilled in the art will 
recognize that a variety of components and component 
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arrangements and modifications may be made 1) to provide 
a linear response between the modulating voltage input 62 
and the light power output 22 and 2) to reduce as much as 
possible the noise in light source module 20. 

THE ELECTRO-OPTIC MODULATOR 

At the heart of the present invention is electric potential- 
light-voltage converter 70 (FIG. 1) and especially the 
electro-optic modulator 30 found therein. The electro-optic 
modulator may be of either bulk or integrated construction. 
In bulk construction, various components such as an electro- 
optic material, beam splitters, lenses, polarizers, couplers, a 
light source, a light receiver and other associated parts are 
assembled into the requisite construction as is known in the 
art. The only requirement of the final configuration is that it 
be capable of operating as a square law device. That is, the 
modulated output light must be a cos 2 function of the input 
light. Because of the size, alignment and stabilization prob- 
lems associated with a bulk configuration, an integrated 
device such as a Mach-Zehnder integrated configuration 
shown in FIG. 9 operating as a square-law device is pre- 
ferred. 

The electro-optic material used for modulator 30 includes 
any of the typical anisotropic material materials used in light 
modulation configurations including any material in which 
the application of an electric field causes a change in the 
refractive index of the material. Illustrative materials include 
ammonium dihydrogen phosphate (ADP), potassium dihy- 
drogen phosphate (KDP), cuprous chloride (CuCI), cad- 
mium telluride (CdTe), gallium arsenide (GaAs), lithium 
niobate ( L iNiO A lithium tantal ate (LiTa0 3 ), zinc selenide 
{ZnSe), Bii 2 GeO 20 , Bi 32 SiO 20 and various plastics such as 
polyvinyldifiuoride (PVDF). Lithium niobate is typically 
used because of its high electro optic coefficients and high 
optical transparency in the near infrared wavelengths. Its 
high Curie temperature (>1100° C) makes it practical for 
fabrication of low-loss optical waveguides through metal 
diffusion into the substrate. Such diffusion slightly increases 
the refractive index of the material, thus producing an 
optical guiding structure. Photolithographic techniques 
common to the semiconductor industry are employed to 
delineate waveguide and electrode structures. See, for 
example, U.S. Pat. No. 5,267,336 all of which is incorpo- 
rated by reference as if completely rewritten herein. 
Moreover, lithium niobate is thermally, chemically, and 
mechanically stable and it is compatible with conventional 
integrated-circuit (IC) processing technology. 

As shown in FIG. 9, an integrated Mach-Zehnder 
intensity-type modulator arrangement 30 takes advantage of 
the interference effects of two interacting light beams. For 
this purpose, wave guides are formed typically by diffusing 
a metal such as titanium into a crystal substrate 31 such as 
lithium niobate in the requisite configuration. As shown, 
light 22 is received at waveguide 33, divided into two paths 
34 and 36 and then recombined in path 38. A phase shift in 
the light is induced by a change in the refractive index of the 
crystal material in one or both of waveguide legs 34, 36 
caused by applying an electric field to one or both of these 
waveguides 34, 36. As shown, the electric field is applied by 
means of electrodes applied to the substrate. As illustrated, 
two sets of electrodes are used. A first set of electrodes for 
DC bias nulling operations to maintain the device at the 
desired operating point and a second set for applying the 
radio-frequency (RF) test voltage. The nulling electrodes 
consist of two hot electrodes 142, 142' placed to the outside 
of waveguides 34 and 36 and a ground electrode 144 placed 
between waveguides 34 and 36. Each of the electrodes is 
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about 9 mm long with a 10 urn gap between the ground and the bias curve of FIG. 10. If the legs are constructed equal 
hot electrodes. The electrodes are typically made of gold and to each other, all of the light emerges as a result of con- 
applied using photolithographic processing. The input elec- structive interference of the light in legs 34, 36. Certainly it 
trodcs are about 12 mm long, again with a 10 fim gap. Again is not necessary that the interferometer be constructed so as 
two hot electrodes 35, 35' are placed at the outside of the 5 to operate close to or at the null point A. As is known in the 
waveguide pad 34, 36 while the ground electrode is placed art, a small biasing voltage can be applied to bring the 
between them. One set of electrodes can be eliminated by operating point of the interferometer to the linear operating 
using a bias T arrangement in which both the dc null bias point C. So to with the current invention. A biasing voltage 
voltage and the radio-frequency input voltage use the same can be applied to electrodes 142, 142* to bring the interfer- 
set of electrodes. In this situation a resistor is used in series J(J ometer to square r operating point regardless of the symme- 
with the dc bias input and a capacitor is used in series with try of the interferometer legs 34, 36. The slight asymmetric 
the ac input. construction noted above serves mainly to afford an inter- 

Aconventional push-pull electrode arrangement is used to ferometer requiring a minimum biasing voltage, 
apply opposite fields to each of the waveguide paths 34 and Id summary and slightly more mathematical terms, the 
36. This causes the refractive index in the one path to 15 Mach-Zehnder interferometer 30 of Fia 9 works by pro- 
decrease (increasing the speed of light in that path) while ducm 8 constructive and destruaive interference of its ugh 
decreasing the refractive index in the other path which °*P ut ' ™* ele / lrodes 35 ' » and fl 3 ^ on u the 
decreases the speed of light. Other electrode arrangements subslrate 31 slr ° n f • electric fields that through he 
may be used as is known by those skilled in the art and electro-optic effect, modulate the phase m each arm of the 
discussed in Wooten, E. L. et al, A Review of Lithium 2Q mterfciometcr. Since the electrodes can be arranged in 
Niobate Modulators for Fiber-Optic Communications push-puU operation as shown when light m one arm of the 
Systems, IEEE Journal of Selected Topics in Quantum interferometer undergoes a phase advance, i.e., speeds up, 

Electronics, Vol. 6, No. 1 (January/February 2000). h *f m ° ther i m Underg °!f a P tee ' eta '- 

™^ in i_ • . 1 dation of Ad> radians. The net effect is to produce a push-pull 

As seen in FIG. 10, when an increasing electric field is .. / . ^ ->aa „a;«L« t„ tu* 

.... . 4 i c *i_ 1 , f r ( f * m differential phase change of 2Ad> radians. In general, the 

applied to one or both of the legs 34, 36 of interferometer 30 1S . , . . t - F , . ... * 

. . 4 . u tU & 1 * j lfi «,v 0 ideal interference transmission characteristic can be repre- 

(by mcreasing the voltage to the electrodes 35, 35 ), the light senlec j \y 

in each waveguide leg 34 and 36 combines in waveguide 38 sen e ' ' 

with varying amounts of destructive interference. For 2 

example, at 0 radians (point A), the light in one leg is p 0 = pji - C os(^) 1 

completely out of phase with the light in the other leg so that 30 
on recombination in waveguide 38, the light in the two paths 

completely cancel each other and no light is emitted from where Pj is the optical power input to the modulator and P 0 

waveguide 38. This is referred to as destructive interference. ^ tne optical power output and A<|> is the differential phase 

As the voltage increases (or decreases), a portion of the light modulation index. This characteristic is also known as the 

begins to emerge from waveguide 38 and increases to a 35 "cosine-squared curve" or "bias characteristic", 

maximum B at about 3,14 radians (n radians) where the light cosine-squared characteristics of a Mach-Zehnder 

in both waveguides 34, 36 is completely in phase and the interferometer "squarer" biased at null approximates to the 

output is said to subject to constructive interference. The term A((> 2 /8, for small modulation depth m=A<(>. The cosine 

voltage change to move from complete destructive interfer- squared curve can also be compared to the perfect square 

ence to complete constructive interference, that is, from an 40 Bessel coefficient [J 2 (A<t))] 2 . FIGS. 11 and 12 show plots of 

intensity minimum to an intensity maximum is referred to as me interferometer A$ 2 /8 term as compared to the perfect 

" V„". At the intensity minimum A, all of the light is lost to square Bessel coefficient [J 2 (A<(>)f and the error between 

the substrate 31 while at the maximum B, all of the light mem . pjc. 11, the modulator square response (lower plot 

emerges through waveguide 38. Midway between the w j ta diamond data points) is compared with the perfect 

minima and maxima, is the so<alled phase-quadrature point 45 square Bessel coefficient [J 2 (A<t>)] 2 (upper plot with square 

C where half of the light is lost to the substrate 31 and the data points). m FIG. 12, the percent error is shown versus the 

other half emerges from waveguide 38. Since the curve is modulation depth, that is, as the interferometer moves away 

essentially linear at the midpoint C, i.e., the phase- from operation at the null point of total destructive interfer- 

quadrature point, this point is chosen as the operating point ence ^ ^ apparent, if the radio-frequency (RF) input 

or "bias'Tor essentially all electro-modulators in use today. 50 voltage and the modulation depth A4> remain small, i.e., 

Unlike conventional wisdom which teaches the quadra- A<*k0.1 rcfcis, the srror in the squaring function can be 

ture point as the desired point of operation, the present maintained to less than 0.1%. Moreover this accuracy can be 

invention features an interferometer working at the non- improved by the use of self-calibration techniques to be 

linear optimum or minimum points A or B with the mini- discussed below. 

mum point A being the preferred point of operation. That is, 55 FIGS. 13-15 illustrate further the operation of the electric 

the current invention operates as a "squarer" rather than the potential-light-voltage converter 70 of FIG. 1. In FIG. 13, 

usual preferred linear mode of operation. the upper trace 300 is formed by applying a 10 kHz voltage 

To this end and as shown in FIG. 9, the integrated to the bias electrodes 142, 142' and 144. With the DC bias 

Mach-Zehnder interferometer of the current invention was adjusted for linear quadrature (point C in FIG. 10), the lower 

designed with a small amount of asymmetry, i.e., waveguide 60 trace 302 is the amplified signal obtained from the optical 

34 is slightly longer than waveguide 36 to place the intrinsic receiver 40. Of course, at the peak of the curve 300, the input 

or natural bias point close to the central null. That is, light voltage is at its greatest value causing the greatest destruc- 

passing through legs 34 and 36 of the interferometer will tive interference and the corresponding minimum trough on 

destructively interfere with each other so that no light the lower output trace 302, i.e., the optical output is at a 

emerges from waveguide 38 prior to (without)the applica- 65 minimum giving rise to the lowest output voltage at the 

tion of a voltage to the interferometer electrodes. That is, the optical receiver. As evident, traces 300 and 302 vary linearly 

intrinsic or normal operating point is at point A as shown on with each other. In FIG. 14, the lower trace 304 corresponds 
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to the input 10 kHz AC voltage. In this case, however, the circuit 60. The optical receiver uses a high speed indium 

operating point is set to the null point (point A in FIG. 10). gallium arsenide photodiode (FD300 from Fermionics Opto- 

The output trace 306 is doubled to 200 kHz as a result of the Technology, Simi Valley, Calif.) typical of photodiodes used 

squaring function of the electro-optical modulator 30. In f or high speed analog and digital communications systems, 

looking at FIG. 10 it is seen that when operating at the 5 An AD795 trans-impedance amplifier is used to amplify the 

quadrature point C, the output light continues to decrease as s j gnal a f ter wh i cn lX ^ s passe d to the averager circuit which 

the voltage increases until the peak is reached after which ^ based on an IC chip SPSTdg211bdj connected in a typical 

the voltage decreases and the light output increases until a Iow . pass filter arrangement. The output is passed to an 

voltage trough is reached. That is, the voltage wave merely mverse ratiometic circuit which utilizes ^ IC multiplier 

moves up and down the linear portion of the FIG. 10 curve 1Q a[ ^ opm tQ me desired 

when operating , at the quadrature point However when ^ » fe uged ^ , fc m ^ u fa an 

operating a null point A, the input voltage mitiaUy falls P ^ J£ 

giving rise to increasing light output as constructive inter- . , . • j j 

ference increases. Howevtr, as the input voltage turns optic modulator increases, voltage in line 62 reduced the 

negative, the low at the null point A is reached and the h & hl inteDSlt V °\ lhe b S ht ™ Proportion to the voltage 

function turns upward (becoming more positive) even as the « a PP"ed to the electro-optic modulator 30. 

input voltage continues to become more negative. In effect, The device 10 of the current invention is typically pre- 

the output light increases and decreases twice (two cycles, calibrated at the factory using accurate voltage and fre- 

one on each side of null point A, i.e., sides x and y) as the quency sources. At incremental frequencies, e.g., 100 Hz, 1 

input voltage cycles only once. FIG. 15 illustrates the kHz, and 10 kHz, the voltage is swept over the desired range, 

situation when the operating point is not quite at the null 20 e.g., 1 mV to 1000V, and the output value is compared with 

point. Here, as in FIG. 14, the input voltage is given on lower the input value and suitable corrections stored in a lookup 

trace 308 and the output from the optical receiver 40 is given table for use with computer 1C0. The values are normalized 

by the upper trace. In a simplistic view, because the oper- to the response at, e.g., 1 kHz. This frequency is referred to 

ating point is no longer at null point A, one of the two cycles as the pivot frequency. 

resides for a greater time on one side of null point A than the 25 As seen in FIG. 17, the heart of the AC calibration source 

other. As a result, the output climbs to a higher output level is oscillator 112. The output is connected to a commercially 

on one side of null point A than the other. Actually the available root-mean-square (RMS) converter 117, The DC 

situation is more complex in that both fundamental and even output of the RMS converter is compared to a stable 

harmonic components are produced in the optical receiver reference source 116 with control loop amplifier 115. The 

output when the operating point is not precisely located at 30 output of control amplifier 115 is connected to multiplier 

the null. To a first approximation, the null point can be 114. The other input of the multiplier is connected to the 

located by adjusting the bias voltage until the adjacent output of oscillator 112. In this configuration, the multiplier 

output peaks from a test AC signal are equal. More sophis- is in the feedback loop of the oscillator 112 and affects the 

ticated methods can be used to determine and set the null feedback resistance, thus the gain. This results in stabilizing 

point such as by taking the average value of alternate peaks 35 the RMS output of the oscillator to equal the stable DC 

and comparing the difference, applying an incremental DC reference voltage, 

bias voltage and repeating the process until the null is In the primary mode, a fixed voltage and frequency output 

reached. is provided. In the second mode, the output of the DC 

Referring to FIG. 9, input light 22 is directed from the reference source can be adjusted by a digital trimmer 118. 

light source 20 (FIG. 1) to the electro-optic modulator 30 by 40 Control amplifier 115 automatically regulates the oscillator 

means of a polarizing maintaining optic input fiber 27. output to match the DC reference source voltage level. 

Optical fiber 27 is secured in a fiber carrier 41 and angle cut Resistor and capacitor components that make up the fre- 

to minimize back-reflections from the fiber 27 to substrate quency of oscillator 112 can be modified to change the 

31 interface. The ends of the carrier 41 and the electro-optic frequency from 100 Hz and 1 kHz to 10 kHz. Attenuator 113 

modulator substrate 31, that is, the lithium niobate crystal 45 divides the output to lower voltage levels to allow automatic 

are polished to an optical finish. The fiber carrier is then generation of lookup tables for more than one range, 

glued to the end of the substrate with a UV-curable epoxy. The high accuracy AC source 110 also functions as a 

An optic fiber 29 is attached to the substrate by means of multi-function AC calibrator. During the primary stable 

carrier 43 in a fashion similar to that used to attach input reference function, a fixed output voltage is fed to the 

fiber 27. Because optical receivers are not polarization 50 electro -optical squarer 30. Its primary function is to provide 

sensitive to any significant degree, the output fiber can be of a stable AC reference measurement interlaced with every 

the lower-cost single mode (SM) variety. measurement reading of the unknown input signal. A cor- 

Typically the electro-optic modulator is mounted on a rection is then applied to an internal lookup table that 

sm all pruned circui t ^aad,(pcb)_88 wto characterizes the system behavior. 

to a closed or sealed housing 8 0, Because the bS7equlre3 55 The AC source 110 is designed to be extremely stable over 

i to maintain the eTecu-o^o^tical squarer at its optimum null time, but is not necessarily accurate. The value of the AC 

bias point is a function of temperature, the squarer 30 is source has been calculated by digitizing the output with a 

maintained in an oven like enclosure that is maintained at a high speed 16-bit ADC 102 controlled by micro controller 

temperature of about 38±2° C. Heaters 82 are provided 106. A fixed amount of multiple periods are digitized for 

within housing 80 and are used in conjunction with a 60 optimal accuracy. The 16 -bit ADC 102 is capable of accu- 

thermistor 88 and a heater controller 84 to maintain the racy levels of 15 ppm. Calibration of ADC 102 is done with 

optical modulator at a constant temperature. A 50 Q surface high accuracy, self-calibrating, 24-bit ADC 104 controlled 

mount resistor is placed in parallel with the electrodes to by micro controller 106. Both ADCs 102,104 will measure 

provide the correct termination and govern the input imped- internal DC reference sources 116. An internal digital trim- 

ance of the device and its power dissipation limitations. 65 mer 118 allows for a variable output of the AC source. In this 

FIG. 16 provides further details as to the circuits for mode two things occur: The exact AC RMS voltage is 

optical receiver 40, averager 50, and the inverse ratiometic determined with 16 bit ADC 102. The output of the AC 
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source is connected to the input of the Electro- Optical True 
RMS Converter and its DC output is measured with ADC 
104. A correction factor is calculated for each AC input level 
and is stored in system memory ICO. 

The RMS value of the unknown voltage is measured by 5 
operating the instrument sequentially in three modes: (a) 
Null Mode, (b) Calibration Mode and (c) Measure Mode. In 
the null mode, a DC voltage plus a small AC signal, about 
10 raV at a frequency of 1 kHz, is applied to the electrodes 
142, 142' and 144 (see FIG. 9). The electrical output of the to 
detector 40 (FIG. 1) is measured. The DC voltage level is 
adjusted to obtain the maximum signal output from the 
detector 40 at the second harmonic, 2 kHz, of the small AC 
input 1 kHz signal. The DC drift of the optical squarer from 
the null point is compensated during the Calibration and 15 
Measure modes. The optical squarer DC drift characteristics 
is predetermined and a time varying voltage is applied to the 
optical squarer to oppose the effect of the DC drift. 

In the Calibration mode, an AC calibration source is 
applied to the Electro-Optical True RMS Converter 30. The 20 
AC calibration source operates at the pivot frequency of 1 
kHz. The voltage amplitude of the AC source is varied from 
10 mV to 100 m V in steps of 10 mV. The response of the 
instrument, V oun is measured and stored in a lookup table. 
In the Measurement mode, the unknown AC voltage is 25 
connected to the optical squarer and the response of the 
instrument, is measured. This value is compared to the 
stored values in the look up table and a correction factor is 
applied to the measured value of the unknown voltage. This 
calculated value is multiplied by a second correction factor 30 
due to the frequency of the unknown voltage. The frequency 
of the unknown AC voltage is measured using a frequency 
counter. The lookup table created in the factory is looked up 
to find the correction factor and the true RMS value of the 
unknown voltage is displayed. Additional explanation of 35 
calibration techniques can be found in U.S. Pat, No. 5,440, 
113, U.S. Pat. No. 5,317,443, U.S. Pat. No. 5,003,624, U.S. 
Pat. No. 5,012,181 and U.S. Pat. No. 4,859,936 all of which 
are incorporated herein by reference as if completely written 
herein. 40 

It is possible that changes in configurations to other than 
those shown could be used but that which is shown is 
preferred and typical. Without departing from the spirit of 
this invention, various equivalent alternate components may 
be used. It is therefore understood that although the present 45 
invention has been specifically disclosed with the preferred 
embodiment and examples, modifications to the design 
concerning components and their interconnection will be 
apparent to those skilled in the art and such modifications 
and variations are considered to be equivalent to and within 50 
ths ccope of the disclosed invention and the appends 
claims. 

It is therefore understood that although the present inven- 
tion has been specifically disclosed with the preferred 
embodiment and examples, modifications to the design 55 
concerning sizing and shape will be apparent to those skilled 
in the art and such modifications and variations are consid- 
ered to be equivalent to and within the scope of the disclosed 
invention and the appended claims. 

We claim: 60 
1. An opto-electric device for measuring the root mean 
square value of an alternating current voltage comprising: 
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a) an electric fie Id -o-light-to -voltage converter compris- 
ing: 

1) a light source; 

2) an electro-optic material: 

(a) receiving light from said light source; 

(b) modulating said light; and 

(c) providing a modulated light output; 

3) an electric field applied to said electro-optic crystal 
to modulate said light from said light source to 
produce said modulated light output; 

b) an optical receiver for receiving and converting said 
modulated output light from said electro-optic material 
to a first voltage that is proportional to a square of said 
electric field applied to said electro-optic material; 

c) anaverager circuit receiving said first voltage and 
providing a second voltage that is proportional to the 
average of said square of said electric field over a 
period of time; and 

d) an inverse ratiometric circuit receiving said second 
voltage from said averager circuit and returning a third 
voltage that is an inverse voltage of said second voltage 
to said electric field-to-light-to-vottage converter to 
produce an output voltage that is the root mean square 
voltage of said applied electric field. 

2. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 wherein said electro-optical material is used to 
process said light. 

3. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 2 wherein a Mach-Zehnder-type. interferometer is 
formed in said electro-optic material. 

4. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 further comprising a multiplier circuit for receiving 
said first voltage and said third voltage and providing said 
second voltage for said averager circuit. 

5. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 wherein said electro-optic material is an anisotropic 
lithium niobate crystal. 

6. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 7 wherein a Mach-Zehnder interferometer is formed in 
said lithium niobate crystal. 

7. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 further comprising as environmental container for 
said electro-optical material. 

8. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 further comprising an ac calibration circuit for 
applying a known ac potential at a known frequency to said 
electro -optic material. 

9. The opto-electric device for measuring the root mean 
square-value of an alternating current voltage according to 
claim 8 further comprising an ac calibration voltage. 

***** 



01/07/2004, EAST Version: 1.4.1 



d2) UiMttedl Stales 

et al. 



US006370290B1 

(io) Patent No.: US 6 9 370,29© Bl 
(45) Date off Patent: Apr. % 2002 



(54) INTEGRATED WAVELENGTH-SELECT 
TRANSMITTER 

(75) Inventors: Gary A. Ball, Simsbury; Robert W. 

Ade, Bolton; Karl Kissa, Avon, ail of 
CT (US); Paul Dunn, Westficld, MA 
(US); Timothy C. Munks, Crystal 
Lake, IL(US); Ronald T. Logan, Jr., 
Newton, PA (US), .; Eitan Gertel, 
North Wales, PA (US) 

(73) Assignee: Uniphase Corporation, San Jose, CA 
(US) 

( * ) Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 0 days. 

(21) Appt. No.: 08/934,189 

(22) Filed: Sep. 19, 1997 

(51) Int. CI. 7 G02B 6/12 

(52) U.S. CI 385/14 

(58) Field of Search 385/11-15, 32, 

385/88-90, 147 

(56) References Cited 

U.S. PATENT DOCUMENTS 

4,284,663 A 8/1981 Carruthers et al. 

4,773,075 A 9/1988 Akiba et al 372/50 

4,815,081 A * 3/1989 Mahlein et al 372/32 

4,913,525 A • 4/1990 Asakura et al 350/162.12 

4,953,939 A 9/1990 Epworth et al. 

(List continued on next page.) 

FOREIGN PATENT DOCUMENTS 

EP 0 444 610 A2 3/1990 

EP 0 450 385 Al 3/1990 

EP 0 444 610 A2 4/1991 

EP 0 450 385 Al 9/1991 

EP 0 516 318 A2 * 12/1992 

EP 0 516 318 A3 * 12/1992 

JP 0 305 5709 2/1991 

JP 0-4274204 ♦ 9/1992 385/88 

JP 0 427 4204 Al 9/1992 



WO 
WO 

wo 



WO 97/05679 
WO 97/07577 
WO 98/50988 



2/1997 
2/1997 
12/1998 



OTHER PUBLICATIONS 



"Properties of Loss-Coupled Distributed Feedback Laser 
Arrays for Wavelength Division Multiplexing Systems", by 
Stefan Hansmann, et al., Journal of Lightwave Technology, 
vol. 15, No. 7 (Jul. 1997). 

"Single-Angled-Facet Laser Diode for Widely Tunable 
External Cavity Semiconductor Lasers with High Spectral 
Purity", by P.J.S. Heim, et al., Electronics Letters , vol. 33, 
No. 16 (Jul 31, 1997). 

"Monolithic Mode-Locked Semiconductor Laser for Con- 
unously Tunable Milimeter-Wave Transmission", by Den- 
nis T.K. Tong, et al., SPIE, vol. 3038. 
"2.5 Gbit/s Directly-Modulated Fibre Grating Laser for 
WDM Networks", by F.N, Timofeev, et al„ Electronics 
Letters, vol. 33, No. 16 (Jul. 31, 1997). 
"2.5 Gbit/s Directly-Modulated Fibre Grating Laser for 
Optical Networks", by F.N. Timofeev, et al., The Institution 
of Electrical Engineers, 1997. 

(List continued on next page.) 
Primary Examiner — Akm E. Ullah 

(74) Attorney, Agent, or Hrm— McConnick, Paulding & 
Huber LLP 



(57) 



ABSTRACT 



An integrated optical transmitter for use in an optical system 
has an optical head assembly with an optical beam generator 
for providing an optical beam and a lens assembly collecting 
the optical beam and generating therefrom a formed optical 
beam. Interface optics receives the formed optical beam and 
provides optical coupling so as to minimize insertion loss to 
the optical beam. Also included is an optical modulator for 
receiving the optical beam from the interface optics and for 
providing a modulated optical beam in response to received 
modulation signals. The optical modulator is coupled to the 
interface optics to be in a fixed relationship therewith. 
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INTEGRATED WAVELENGTH-SELECT 
TRANSMITTER 

FIELD OF THE INVENTION 

This invention relates to optical transmitters, and more 
particularly to an optical transmitter that integrates a Laser 
head, optical modulator, and possibly a wavelength 
reference, within a common package to reduce insertion 
loss, provide greater output power over a greater dynamic 
range, and reduce overall system cost. 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

Some of the matter contained herein is disclosed and 
claimed in the commonly owned U.S. patent application Ser. 
No. 08/885,428, now U.S. Pat No. 5,982,964 entitled "Pro- 
cess For Fabrication And Independent Tuning Of Multiple 
Integrated Optical Directional Couplers On A Single Sub- 
strate"; U.S. patent application Ser. No. 08/885,449, now 
abandonded entitled "Method and Apparatus For Dynami- 
cally Equalizing Gain In An Optical Network"; U.S. patent 
application Ser. No. 08/885,427, now U.S Pat. No. 5,915, 
052 entitled "Loop Status Monitor For Determining The 
Amplitude Of Component Signals Of A Multi-Wavelength 
Optical Beam" and U.S. patent application Ser. No. 08/884, 
747, now U.S. Pat. No. 6,151,157 entitled "Dynamic Optical 
Amplifier" all of which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

The low loss, light weight, small size, flexibility, and high 
intrinsic bandwidth of optical fiber make it a highly desir- 
able medium for digital and analog signal transport. An 
optical transmitter generates a modulated optical signal 
which propagates through the optical fiber to a receiver end, 
wherein the optical beam is converted to an electrical signal. 
The optical beam may be modulated externally by an 
electrical signal representative of the information to be 
passed through the optical fiber. 

Commercially available optical transmitters are made up 
of a plurality of discrete components interconnected by 
polarization-maintaining (PM) optical fiber. These compo- 
nents include a laser, an external optical modulator and 
control circuit modules. The packaging of a complete fiber- 
optic transmitter including these discrete components is 
relatively bulky and complicated. For example, currently 
available fiber optic transmitters produced for cable televi- 
sion (CATV) applications occupy a 19-inch rack drawer 
chassis, 3 inches or more high, housing power supplies, 
control circuits, laser, modulator, and amplifiers. 

The potential military applications of RF and microwave 
fiber-optic transmitters are numerous. Possibly the largest 
military application is in the area of remotely mounted 
microwave antenna systems, such as phased -array antenna 
system designs, airborne radar warning-receiver direction- 
finding antenna systems, bi-static radar antenna systems, and 
many shipboard antenna systems. Practically any antenna 
system in which an RF or microwave signal is received or 
transmitted could benefit from direct microwave transport of 
the signal using fiber-optics between the antenna and the 
receiver/transmitter location. In most microwave antenna 
systems, a downconvertor/upconvertor system must be 
located in close proximity to the antenna aperture, due to the 
inefficiencies of metallic cables for transmission of 
microwave -frequency signals, The frequency converter 
electronics are therefore required to operate in the typically 
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harsh environment of the antenna, which increases the size 
and cost of the front end packaging, and may limit the 
system desianer's flexibility in antenna placement on the 
platform. Also, the downconvertor typically requires that a 
5 local-oscillator reference signal be distributed to the front 
end area. 

If a miniature external modulator transmitter module was 
available that could provide an essentially "transparent" 
microwave transport path over optical fiber, the frequency 

10 converter electronics could then be removed from the front 
end area, adjacent the antenna. This would not only reduce 
the size and complexity of the front end packaging, it would 
also improve overall system reliability, since fewer compo- 
nents would be located in the typically harsh front end 

15 environment. System performance also may actually be 
enhanced, since the frequency converter electronics typi- 
cally limit the dynamic range of the downlink for most 
microwave systems. If the packaging and environmental 
constraints are relaxed on the downconvertor, enhanced 

20 dynamic range is more achievable. 

An important application of the invention is telecommu- 
nications in which digital signals containing large volumes 
of voice, video, and data traffic are transmitted over optical 
fibers. At the higher data rates, the transmitter typically 

25 consists of a Distributed Feedback (DFB) laser and a modu- 
lator. Systems employing Dense Wavelength Division Mul- 
tiplexing (DWDM) also typically contain a fiber coupler to 
tap off power and a wavelength reference, which is used in 
' a feedback loop to stabilize the laser wavelength. The latter 

30 function is critical for DWDM where the optical signals 
from many transmitter are carried by a single optical fiber, 
yet can be separated from one another at the receive end 
because of the distinct wavelength used for each optical 
channel. 

Currently, the optical transmitter's components are 
assembled from separate packages, namely a standard DFB 
laser diode package and modulator package, with possibly 
an optical tap coupler and wavelength reference in two other 

40 packages, that are all coupled to each other with optical fiber. 
Significant coupling losses are incurred at the laser-fiber and 
modulator-fiber interfaces, because lasers and modulators 
support elliptic modes while fiber medium supports a cir- 
cular mode. Moreover, fiber pigtails on the laser and modu- 

45 lator input have to be realized in polarization maintaining 
fiber, which adds cost to the packaging because it has to be 
precisely rotated. Elimination of the optical fiber intercon- 
nects between the components not only reduces optical 
losses but reduces transmitter cost associated with splicing 

50 and storing the fiber within the transmitter. 

Other commercially-available optical transmitters include 
a laser assembly fixedly coupled to an optical modulator 
which are then rigidly mounted to a support bed. The 
purpose of fixedly coupling of the optical components is to 

55 insure precise alignment to thereby reduce the power loss 
resulting from misaligned optics. Alignment of the optical 
components of these transmitters is difficult and time- 
consuming which thereby, increase the costs of manufac- 
turing. 

60 In addition, these optical transmitters are sensitive to 
thermal changes as a result of the different coefficients of 
thermal expansion for the optical components. As the ambi- 
ent temperature of the transmitter increases or decreases the 
varying amounts of thermal expansion of the components 

65 stresses the components, possibly altering their optical char- 
acteristics. The different coefficients of thermal expansion 
also may alter the alignment of the optical components and 
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thereby negatively affect the optical beam emitted from the (e) securing fixedly an optical modulator to the focusing 

laser assembly. This is especially critical because the optical lens in optical alignment with the focusing lens, 

beam emitted from a laser diode is directly focused to the According to yet another aspect of the present invention, 

modulator. Any shift of the optical components greatly a method of fabricating an integrated optical transmitter of 

reduces the output power of the transmitter as a result of the 5 the foregoing type also includes the step of controlling 

misalignment of the components. Some prior art devices wavelength select control by means of a wavelength filter, 

such as those marketed by the G.E.C. Marconi company are such as a Fabry- Perot etalon, fiber Bragg grating, Michelson 

comprised of discrete components and include a thermo- interferometer, or etalon with multi-layer dielectric films, 

cooler to help maintain temperature stability. However, which samples the light in the transmitter, and is included 

these devices are not free from the aforementioned prob- 10 within a housing. 

lems. The above and other objects and advantages of this 

Furthermore the optical components are not replaceable invention will become more readily apparent when the 

or interchangeable because the components are mounted following description is read in conjunction with the accom- 

rigidly to each other and the support bed. If a component has panying drawings. 

failed or the wavelength of the optical beam wishes to be nnTr * ^ ™ „,„v T ™ 

changed, the component cannot be easily removed or BRIEF DESCRIPTION OF THE DRAWINGS 

replaced without damage to the transmitter. FIG . i & a diagrammatic block diagram of an integrated 

Accordingly, it is a principal object of this invention to optical transmitter of the type embodying the present inven- 

provide an integrated optical transmitter that reduces inser- tion. 

tion loss, provides greater output power over a greater 20 pi(} 2 fc & ^ elevatkmal yiew of an integrated optical 

dynamic range, and reduces cost related to assembly and transmitter of FIG 1 

interconnection of optical components. „ T „ _ . ,. . ... t . r c , . . 

...... . FIG. 3 is a diagrammatic illustration of a fabrication 

It is another object of this invention to prov.de an inte- ^ for ^ modulator of F]G L 

grated optical transmitter included within a single unit or „„ A . 

housing 25 4 is a simplified schematic illustration of an alter- 

It is a further object of this invention to provide a »^ve embodiment of the integrated optical transmitter of 

pre-aligned optical sub-assembly, which can be compliantly ^J£ftj£ * meaDS wavelength of 

mounted to an optical bed, and which also has a surface to e °P ca am ' 

which a modulator can be fixedly secured. p IG. 5 * a P lot of the 0Ut P ut Omittance 0 f a pair of 

It is a further object of this invention to provide an 30 fihcrcd dcteclors - 

integrated optical transmitter that reduces misalignment due FIG. 6 is a side elevational view of a second alternative 

to varying coefficients of thermal expansion of the optical embodiment of an integrated optical transmitter embodying 

components. the present invention. 

It is yet another object of this invention to provide an 35 FIG. 7 is a expanded side elevational view of a portion of 

integrated optical transmitter of the foregoing type having the optical transmitter of FIG. 6 wherein a laser head 

integrated wavelength control. assembly is tilted about the X-axis. 

It is yet another function of this invention to provide an FIG. 8 is a expanded front elevational view of a portion 

integrated optical transmitter wherein the optical compo- of the optical transmitter of FIG. 6 wherein a laser head 

nents are interchangeable. 40 assembly is tilted about the Z-axis. 

SUMMARY OF THE INVENTION FIG. 9 is a expanded top plan view of a portion of the 

. ... tj i_j *r*u * optical transmitter of FIG. 6 wherein a laser head assembly 

According to a preferred embodiment of the present lilted about the Y-axis, 
invention, an integrated optical transmitter tor use in an 

optical system includes an optical head assembly having an ac FIG. 10 is a side elevational view of a GRIN lens/ 

optical beam generator for providing an optical beam and a 45 modulator assembly and test jig for aligning the optics of the 

lens assembly collecting the optical beam and generating GRIN lens/ modulator assembly of the optical transmitter of 

therefrom a formed optical beam. Also included is an optical FIG. 6. 

modulator for receiving the formed optical beam for pro- FIG. 11 is aside elevational view of a laser head assembly 

viding a modulated optical beam in response to received 5Q and test jig for aligning the optics of the laser head assembly 

modulation signals. Interface optics are provided to receive of the optical transmitter of FIG. 6. 

the formed optical beam aad lo pvoseui the formed optical FIG. 12 is functional diagrams of a preferred general 

beam to the optical modulator. The interface optics provide sequence of steps for fabricating and aligning the GRIN 

optical coupling with the optical modulator to minimize lens/modulator assembly of FIG. 6. 

insertion loss to the formed optical beam and to maintain a $5 £\q 13 ^ functional diagrams of a preferred general 

fixed optical relationship therewith sequence of steps for fabricating and aligning the laser head 

According to another aspect of the present invention, a assembly of FIG. 6. 

method of fabricating an integrated optical transmitter $iq u { s a functional diagram of a preferred general 

includes the steps of: sequence of steps for fabricating the integrated optical 

(a) aligning optically a laser diode and an aspheric lens; 60 transmitter of FIG. 6. 

(b) securing the laser diode and the aspheric lens to a 

mounting element to define a laser head assembly; DETAILED DESCRIPTION OF THE 

(c) securing fixedly a focusing lens to the laser head PREFERRED EMBODIMENT 

assembly in optical alignment with the laser diode and An integrated optical transmitter provided in accordance 

aspheric lens; 65 with the present invention is generally characterized by an 

(d) compliantly securing the laser head subassembly to an optical head assembly for generating an optical beam and an 
optical bed. optical modulator which receives the optical beam and 
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provides modulation thereto in response to modulation sig- lens 24 to collimate the beam allows the beam size to be 

nals. These two components are joined by interface optics, optimized for the GRIN lens 14, in spite of limitations 

typically a GRIN lens. The present transmitter is configured imposed by the TO-5.6 can. It should be recognized, 

so that the optical head assembly is maintained in fixed however, that a single aspheric lens 24 may be used to 

optical communication with the optical modulator regard- 5 collimate the optical beam, provided the laser diode 20 

less of the embodiment. As detailed hereinafter, the several generates a beam that, when collimated, can be accepted by 

embodiments maintain this fixed relationship in a variety of the GRIN lens 14. 

ways, including an epoxy bond between the components and other variations of the preferred embodiment are possible 

a spaced relationship with a collimated beam. if changes in optical power through the system caused by the 

FIG. 1 illustrates an integrated optical transmitter, gener- 10 thermal expansions are of greater detriment than power loss 

ally designated 10, embodying the present invention for by "de-tuning" the optical train somewhere in order to 

generating a modulated optical beam having a predeter- reduce sensitivity to angular alignment at the expense of 

mined wavelength of light. The optical transmitter 10 is a power loss. For example, by using a GRIN lens slightly 

preferred embodiment and includes a laser head assembly 12 shorter than is normally used for lowest power loss, a larger 

that generates a polarized optical beam of a known wave- 15 than normal optical beam is presented by the GRIN lens to 

length of light. The laser head assembly 12 provides an waveguide 30. Angular misalignment causes the position of 

optical beam via a Graded Index (GRIN) lens 14 which is the beam at the end of the GRIN lens to move along the X 

coupled directly to an optical modulator 16. An external and/or Y axes, however, the beam is more likely to fill the 

signal generator 18 provides a Telecommunications waveguide with light, due to its larger size. Hence, the 

(Telecom) or Cable-Television (CATV) communications 2 q misalignment sensitivity is lowered, though, the total power 

signal to the modulator 16 which impresses the signal onto coupled into the waveguide 30 is reduced relative to the case 

the optical beam. when the GRIN lens provides a beam better matched to the 

As shown in FIG. 1, the laser head assembly 12 comprises beam size naturally accepted by waveguide 30. The 
a laser diode 20 for generating an optical beam of a known waveguide can also be modified to accept a larger beam 
light wavelength, and a pair of aspherical optical lenses 2 s from the GRIN lens, resulting in even further reductions in 
22,24 for focusing and collimating the optical beam. The alignment sensitivity. However, some penalty in power loss 
first aspheric lens 22 collects and focuses the light, creating is likely when using the shortened GRIN lens due to 
a magnified image of the source at its back focal plane. The aberrations in the optical properties of the beam which is 
second aspheric lens 24 collimates the light, i.e., converts presented to waveguide 30. These methods of reducing 
diverging light rays to parallel. An optical isolator 26 is 30 sensitivity to misalignment can be applied to the previous 
disposed between the two lenses 22,24 to prevent any light embodiments, as well. They can be used to reduce the 
reflected at some point further down the optical link from sensitivity to X, Y or Z misalignment of the GRIN lens with 
propagating back to the laser diode 20, For example, any waveguide 30, in the preferred embodiment. Other varia- 
light reflected by connectors or splices in the communication tions of the preferred embodiment exist which reduce sen- 
link will propagate down the optical fiber 28 back to the 35 sitivity to one kind of translation or rotational misalignment 
laser diode 20. The reflected power is absorbed or diverted at the expense of increased sensitivity to some other trans- 
by the optical isolator 26. It should be noted that the isolator lation or rotational misalignment, or at the expense of 
can be placed at other points in the optical system, for increased pov/cr loss. In general, where ever the beam is 
example, between the second lens 24 and GRIN lens 14. The collimated or nearly so, the X, Y and Z sensitivities are 
position in the preferred embodiment allows the isolator to 40 reduced at the expense of greater rotational sensitivity. On 
be of small diameter. Also note that other types of lenses are the other hand, in places where the beam is focusing or 
possible, such as spherical. The aspheric lenses are chosen expanding, the rotational sensitivities are reduced at the 
because of their ability to collect the widely divergent light expense or greater X, Y and Z sensitivity, 
from laser diodes, and focus and collimate it, with a mini- The modulator 16 is an integrated optical circuit (IOC) 
mum of aberration and lost optical power. 45 fabricated in lit hium niobate (LiNbQA Tne modulator 

The collimated light from the second lens 24 is directed includes a waveguide 30 at the receiving end 31 of the 

to the GRIN lens 14, which focuses the light to a small modulator that directs the optical beam to a Mach-Zehnder 

enough spot size, and low enough divergence in order to Inte rferome ter, (MZI) 32. As the optical beam enters the 

permit efficient coupling of light into an optical waveguide interferometer 32, the beam is split and propagates into two 

30 of the optical modulator 16. The GRIN lens may be 50 parallel paths or arms 34,36 which are then recombined at 

rigidly attached to the laser head assembly The modulator the transmitting end 38 of the modulator. The interferometer 

modulates the light in response to an electrical signal, such 32 includes a plurality of electrodes 40 disposed on both 

as the communications signal, provided by the external sides of the arms 34,36. The applied voltage from the 

signal generator 18. communications signal to the electrodes controls the veloc- 

The two aspheric lenses 22,24 provide flexibility regard- 55 ity of light passing through each arm of the interferometer, 

ing the type of laser diode 20 used in the system. For via the electro-optic effect in lithium niobate. Depending on 

example, the two lens system allows for the use of a laser the applied voltage, the light in each arm 34,36 of the 

diode mounted in its own hermetic housing, e.g. a "TO-5.6 interferometer 32 can be made to constructively or destruc- 

can " which is convenient to handle, and protects the laser tively interfere when the two beams are recombined at the 

diode from any adverse contaminants in the atmosphere. 60 transmitting end 38, which makes high speed switching 

Coupling between the laser diode 20 and modulator 16 is possible. In this manner, the communications signal pro- 

generally inefficient if only one lens 24 is used, because the vided by the external signal generator is impressed onto the 

divergence of the laser beam at the output of commercially beam of light. 

available lasers in TO-5.6 cans is too great. The collimated Typically, the interferometer 32 is set to be midway 

beam provided by a single lens 24 may be much larger than 65 between constructive and destructive interference when no 

the beam size that can be accepted by the GRIN lens 14. signal voltage is applied, by introducing "K/2 phase difference 

Focusing the beam with the first lens 22 and using a second between the two light beams in the arms 34,36 of the 
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interferometer. The signal voltage applied to the electrodes 
40 causes the light in the arms of the interferometer to either 
completely constructively interfere ("on" state), or destruc- 
tively interfere ("ofF state). The phase difference between 
the light beams in the two arms of the interferometer, with 5 
no signal applied, is referred to as the bias point of the 
interferometer. 

Assembly and alignment of the optical components of the 
transmitter 10 are critical to overcome concerns associated 
with prior art optical transmitters. In the prior art, the optical 10 
components of the transmitter are mounted fixedly to each 
other and to a common platform or bed. This method of 
coupling each of the optical components raises concerns 
associated with the different coefficients of thermal expan- 
sion of each optical component. The varying thermal expan- 15 
sion stresses the components when heated or cooled which 
results in misalignment of the components and possible 
altering of their optical characteristics. The modulator 16 is 
particularly sensitive to these resulting stresses because the 
interferometer 32 of the modulator is formed of lithium 20 
niobate. Lithium niobate is a piezoelectric material and 
therefore, any stresses to the modulator substrate can cause 
the bias point to change from its optimum setting. Hence, 
mounting the modulator 16 with a compliant adhesive 
prevents stresses or deflections in the package from being 25 
transferred to the modulator. 

FIG. 2 illustrates the mechanical assembly of the optical 
transmitter 10 of a type embodying the present invention 
that overcomes the effect of varying coefficient of thermal 
expansion of the components. These optical components are 30 
rigidly secured to each other to provide the laser bead 
assembly 12 with the GRIN lens wherein the components 
are fixed in optical relationship to one another. The laser 
head assembly 12 with the GRIN lens is then mounted to an 
upper surface of a common substrate or optical bed 44 by a 35 
complaint adhesive 46, such as RTV, Ecosorb and "Able- 
stick". The laser head assembly 12 is mounted on a recessed 
stepped portion of the optical bed 44 at one end in order that 
the optical beam generated at the focal point of the GRIN 
lens 14 aligns with input facet 31 of waveguide 30 (see FIG. 40 
1), which is located at the upper surface of the modulator 
substrate 16. The bottom of the modulator is also secured to 
the optical bed 44 with the complaint adhesive 46. 

The compliant adhesive 46 isolates each of the optical 
components 12, 14 and 16 from the effects of thermal 45 
expansion. The compliant adhesive permits the sub- 
assembly to remain optically- fixed without regard to tem- 
perature change of the transmitter 10. The use of compliant 
adhesive minimizes the stress of both modulator 16 and laser 
head assembly 12 as these components thermally expand 50 
and contract during manufacture or operation. Stresses are 
not only deleterious to optical alignment because of small 
deflections that occur at critical points in the optical train, 
but stresses can also affect the bias point of the Mach- 
Zehnder modulator 16. 55 

To further reduce misalignment of and stresses to the 
optical components due to the effects of thermal expansion, 
thermal control of laser head assembly 12 and modulator 16 
is also provided. A thermal transfer plug 42 is coupled to a 
rear portion of the laser head assembly 12 to transfer heat 60 
from the laser directly to a thermoelectric cooler (TEC) 50. 
A second TEC 52 is coupled by the compliant adhesive 46 
to the optical bed 44. The TECs 50,52 remove or add heat 
from the modulator 16 and laser head assembly 12, in order 
to maintain optimum temperature of the laser during opera- 65 
tion. A thermistor (not shown) mounted in the thermal 
transfer plug 42 monitors the temperature of the laser head 
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assembly 12. The optical bench 44 also helps to minimize 
thermal gradients across the modulator 16 which can create 
internal stresses that affect its bias point. 

A method 150 of fabricating the optical transmitter 10 of 
FIG. 2 is shown in blocks 152-166 of the functional diagram 
of FIG. 3. As shown in blocks 152-156, the laser diode 20, 
asphcric lenses 22,24 and optical isolator 26 are aligned to 
provide a collimated beam at its output having output power 
within a predetermined level These components are then 
secured within the laser head assembly 12. The thermal 
transfer plug is then secured to the rear surface of the laser 
head assembly. In block 158, the GRIN lens 14 is first 
aligned and then secured to the laser head assembly 12. A 
pair of TECs 50,52 are mounted to lower inside surfaces of 
the housing 148. As shown in block 162, the laser head 
assembly is secured to the optical bed 44, which is then 
mounted to the thermoelectric coolers in block 164. In block 
166, the modulator 16 is aligned and secured to GRIN lens 
14 by epoxy such that the focal point of the lens is positioned 
at the input facet 31 of the waveguide 30 of the modulator. 
In block 168, the modulator is secured to the optical bed 44. 

In an alternative embodiment 170 of the present invention 
shown in FIG. 4, the optical transmitter 170 includes a 
means 172 for stabilizing the wavelength of the optical 
beam. The wavelength of light generated by the laser diode 
20 is dependent upon its temperature and current. A method 
of stabilizing the output wavelength of the optical beam is to 
control the temperature of the laser head assembly 12 using 
a thermoelectric cooler (TEC) 50 that is thermally- 
connected to the laser head assembly. A controller 174 
provides a temperature control signal at 176 to the TEC 50 
for adjusting the temperature of the laser diode 20 in 
response to a feedback signals at 188,188 representative of 
the wavelength of the optical beam and a signal at 180 
representative of the temperature of the laser. In this manner, 
the wavelength of the optical beam may be stabilized or 
locked at a predetermined wavelength. Typically, laser tem- 
perature tuning of 10° C. or less is more than adequate to 
compensate for laser aging effects which influence wave- 
length during the lifetime of the transmitter, therefore, 
alignment of the optical train, and modulator optical 
properties, are not adversely affected by thermal expansion/ 
contraction that accompanies the temperature change intro- 
duced by the wavelength stabilization. 

The optical system 170, as described above, used to 
efficiently couple light from the laser head assembly 20 to 
the GRIN lens 14 and then modulator 16 is designed to 
produce a collimated beam after the second aspheric lens 24 
(see FIG. 1). Because the beam is well behaved in this 
section of the optical train, it is an ideal place to sample the 
beam ior the purpose of locking the wavelength. 

The optical beam, therefore, is sampled by placing a beam 
splitter 182 between the second aspheric lens 24 and the 
GRIN lens 14. Approximately 1% of the light from the laser 
diode 20 is reflected out of the path between the laser head 
assembly 12 and the GRIN lens 14 and modulator 16. This 
light is then directed into a pair of filtered detectors 183,183, 
such as photodiodes. The detectors' spectral response is 
highly influenced by a pair of angle -tuned narrow bandpass 
filters 184,186 disposed in front of the filtered detectors. The 
narrow bandpass filters 184,186 are rotated to change the 
incidence angle and thus the center transmission 
wavelength, which is a function of incidence angle. 

The output signals at 188,188 of the filtered detectors 
183,183 are provided to the controller 174, which generates 
an output signal representative of the wavelength of the 
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optical beam at 176. The temperature of the laser bead 
subassembly 12 is monitored with a thermistor which is 
mounted within the thermal transfer plug 42 (see FIG. 2). 

To angle tune the narrow bandpass filter 184,186, the 
filters are rotated to overlap the transmission spectra in a 
manner shown in FIG. 5 once the temperature and emission 
wavelength is set to the predetermined values. Curve 192 
represents the spectral response of filter 184 and curve 194 
represents the spectral response of filter 186, the filters 
184,186 are first tuned to find the peak transmittance by 
monitoring the output from the detectors 183,183. The 
bandpass filters 184,186 are then rotated such that the output 
from the detectors 183,183 are approximately 0.5 of the 
peak value. Since the transmittance of the filters 184,186 is 
close to symmetric, the filter will need to be tuned in the 
right direction. This direction is known from the center 
wavelength relationship with incidence angle. The filters are 
then locked into place by laser welding which strongly 
couples the response from the filtered detectors 183,183 to 
the input wavelength. 

In the operation of the wavelength stabilizer 172, the 
output from the filtered detectors 183,183 will change as the 
emission wavelength of the laser diode 20 changes. If, for 
instance, the wavelength increases, the output from one 
filtered detector 183 will decrease and the output from the 
other filtered detector 183 will increase. By measuring the 
ratio of the output from the two filtered detectors 183,183 20 
determined by the controller 174, the emission wavelength 
can be monitored. By using this ratio, a relative signal at 176 
generated by the controller 174 can be used to change the 
wavelength of the laser diode 20 by changing the laser 
current or the voltage to the thermoelectric cooler 50. 

In another embodiment 200 of the present invention 
shown in FIG. 6, the optical transmitter 200 includes a laser 
head assembly 12 and a GRIN lens/modulator assembly 48 
mounted to a common optical bed 44 which is secured 
within a housing 148. The optical assemblies are fixed in 
optical relationship to each other wherein the optical axis 42 
propagates along the z-axis. The laser head assembly 12 is 
fixed directly to a carrier plate 202 which is secured to the 
optical bed 44. The GRIN lens/modulator assembly 48 are 
secured to a mounting block 204 composed of the same 
material, lithium niobate, as the modulator in order to reduce 
the effects of thermal expansion. The under surface of the 
mounting block 204 is secured to an upper surface of a 
second carrier plate 206 by a compliant adhesive 46. The 
GRIN lens 14 and laser head assembly 12 are laterally- 
spaced on the optical bed 44 to align optically, but are not 
coupled together. This permits these optical components to 
expand and contract independently and thus, minimizes the 
stresses associated with the thermal expansion of the optical 
components. Moreover, the integrated optical transmitter of 
FIG. 6 is capable of assembly in distinct steps which may be 
separate in time and location. 

In the embodiment of FIG. 6, the laser head assembly 12 
remains fixed relative to the optical bed 44. On the other 
hand, the compliant adhesive 46 permits the modulator to 
move orthogonally in the x-axis, y-axis and z-axis to mini- 
mize stress on the modulator 16 as the components ther- 
mally expand and contract during manufacture or operation. 
This movement eliminates stress to the modulator which can 
affect the bias point of the Mach-Zehnder modulator 16. 

One might expect that the independent movement of the 
GRIN lens/modulator assembly 48 will dramatically effect 
the power output and optical characteristic of the optical 
beam. This is true of an optical transmitter wherein the 
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optical beam generated by the laser diode is directly focused 
to the input facet of the modulator without having a portion 
of the beam collimated. Any movement or misalignment of 
the focused beam increases the power loss of the transmitter. 

5 It has been determined, however, that use of a collimated 
beam between the laser head assembly 12 and the GRIN lens 
14 reduces the sensitivity of power loss to misalignment in 
the orthogonal directions (X, Y and Z). The optical trans- 
mitter 200 of FIG. 6, therefore, collimates the portion of the 

10 beam that propagates between laser head assembly 12 and 
GRIN lens 14, to reduce power loss as a result of misalign- 
ment or movement of the components in the orthogonal 
axes. This feature permits the laser head assembly 12 and 
GRIN lens 14 to effectively "float" independently with 

15 reduced effect to the output power of the beam, if the motion 
of the GRIN lens relative to laser head assembly can be 
constrained to be only in the X, Y or Z direction. 

The tradeoff of desensitizing the optical beam to changes 
in the optical alignment in the orthogonal planes is that the 

20 optical beam is sensitive to angular misalignment, such as 
pitch (rotation about the X-axis, shown in FIG. 7), roll 
(longitudinal rotation about the Z- axis, shown in FIG. 8), 
and yaw (horizontal rotation in about Y-axis, shown in FIG. 
9) of any of the components. Measurements made with 

25 typical optical components indicate that the compliant adhe- 
sive must constrain pitch or yaw tilt of the GRIN lens/ 
modulator assembly relative to the laser head assembly to 
within approximately 0.01° degree in order that power 
output from the modulator is not reduced significantly. 

30 Likewise, the X and Y position of the modulator, relative to 
the laser head, must still be maintained to within approxi- 
mately ±20 fim for the same reason. These tolerances must 
be held over the lifetime of the device (typically 20 years or 
more for telecommunications applications), even after expo- 

35 sure to storage temperatures ranging -40 to 85°, Any shrink- 
age of the compliant adhesive during assembly, such as from 
curing, must not cause movement of the modulator assembly 
to exceed these tolerances, or must be compensated for by 
offsetting the modulator position prior to adhesive cure, or 

40 by X, Y, pitch, or yaw offsets during final assembly with the 
laser head. Note that the preferred embodiment does not 
suffer from these severe requirements of the compliant 
adhesive because the optical train is a single rigid unit. 
FIGS. 7-9 illustrate pitch, roll and yaw, respectively, of the 

45 laser head assembly 12 relative to the optical axis 47. 

The collimating of the optical beam to propagate the beam 
from the laser head assembly 12 to the GRIN lens 14 and 
modulator 16 also permits independent assembly and align- 
ment of the optics of the laser head assembly and the 

50 combined GRIN lens/modulator assembly 48. This method 
allows each assembly 12,48 to be fabricated at different 
locations which can then be brought together and easily 
aligned to fabricate the transmitter 200. The modularization 
of the transmitter also allows any laser head assembly 12 to 

55 be easily combined or interchanged with any GRIN lens/ 
modulator assembly 48, and replacement of either assembly 
to repair the transmitter or change the wavelength of its 
optical beam. In addition, the laser can be temperature tuned 
independent of the GRIN lens/modulator assembly. 

60 To ensure alignment of the optics of each assembly 12,48, 
the method of fabricating and aligning of the assemblies 
includes a test jig 60 (see FIGS. 10 and 11) having a GRIN 
lens 62 mounted to an upper surface of a common test bed 
64 for receiving an optical beam emitted from the assem- 

65 blies being fabricated. The transmitting end 66 of the lens 62 
is optically connected to a beam detector 68 by an optical 
fiber 70. The beam detector measures the output power of 
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the optical beam to provide feedback during the alignment 
procedure of the optical components of each assembly. 

The test bed 64 of the jig 60 and a vacuum chuck 72 for 
mounting each of the assemblies 12,48 include a precision 
ground engagement surface 74,74 for maintaining the 5 
vacuum chuck and test bed at a precise known position in the 
x, y plane relative to each other. This permits the laser bead 
assemblies 12 and the GRIN lens/modulator assemblies 48 
to be independently manufactured and require minimal 
alignment when assembled together to form the transmitter 10 
200. 

A method 79 of fabricating the GRIN lens/modulator 
assembly 48 and aligning of its components of the embodi- 
ment of FIG, 6 is shown in blocks 80-108 of the functional 
diagram of FIG. 12. Referring to block 80 and FIG. 10, the 15 
fiber-optic pigtail 28 is secured to the transmitting end 38 of 
the modulator 16. In blocks 82-86, the modulator is secured 
fixedly to the mounting block 204. The mounting block is 
then mounted to the upper surface of the carrier plate 206 by 
the compliant adhesive 46 at a predetermined position and 
orientation. The carrier plate 206 is then releasably secured 
to the vacuum chuck 72 at a known position. Referring to 
blocks 88-90, a light source 76 is connected to the pigtail 28 
of the modulator 16 to emit an optical beam from the 
receiving end 31 of the modulator. The GRIN lens 14, using 25 
a vacuum chuck, is positioned at the receiving end 31 of the 
waveguide portion 30 of the modulator 16 using a vacuum 
chuck. In block 92, the polarization within the fiber of the 
pigtail 28 is adjusted to provide the maximum output and 
provide rough collimation of the optical beam. Referring to 
block 94, the GRIN lens is positioned so that the output 
power of the optical beam from the GRIN lens is at an 
acceptable value. 

Referring to block 96, the vacuum chuck 72 is then 35 
abutted to the engagement surface 74 of the common test 
bed 64. In blocks 98-102, epoxy is applied to the GRIN lens 
modulator interface. The GRIN lens 14 is adjusted to 
provide peak output power measured by the beam detector 
68 in block 104. Optimization of the optics insures that the ^ 
beam is propagating along the z-axis with minimal pitch and 
yaw, but not necessarily the optical alignment in the X and 
Y planes. 

Referring to blocks 106 and 101, the vacuum chuck 72 is 
then adjusted in the X and Y planes with respect to the 45 
engagement surface 74 of the common test bed 64 to obtain 
peak optical coupling. The alignment of GRIN lens 14 and 
vacuum chuck 72 may need to be done recursively or 
simultaneously until output power is within specification. 
When the output power is within specification, the epoxy is 50 
first cured using ultra -violet light and then oven cured (block 
108). 

A method 109 of fabricating the laser head assembly 12 
and aligning of the optical components is shown in blocks 
110-128 of the functional diagram of FIG. 13. Referring to 55 
blocks 110-111 and FIG. 11, a mounting plate 78 for the 
laser head assembly 12 is mounted securably to the carrier 
plate 202. The carrier plate 202 is then releasably secured to 
a vacuum chuck 72 that is similar to the one described 
above. The laser diode 20 is then secured to the carrier plate 60 
at a predetermined position along the z-axis. In blocks 
112-116, the optical lenses 22,24 are then located on the 
mounting plate 78 aligned and adjusted to provide for rough 
collimation of the optical beam. Note that mounting plate 78 
is not limited to planar geometry but may be of other 65 
geometries including cylindrical. The laser diode is ener- 
gized and the output power of the optical beam is measured 
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to provide a base measurement of the output power of the 
laser head assembly 12. Referring to blocks 118-120, the 
vacuum chuck 72 then engages the precision engagement 
surface 74 of the common test bed 64. The optics are then 
aligned to provide peak output power measured by the beam 
detector 68. Optimization of the optics insures that the beam 
is propagating along the z-axis with minimal pitch and yaw, 
but not necessarily the optical alignment in the X and Y 
directions. 

In block 122, the vacuum chuck 72 is then adjusted in the 
X and Y directions with respect to the engagement surface 
74 of the common test bed 64 to obtain peak optical 
coupling. The output power of the beam measured at the 
beam detector 68 is compared to the initial output power 
measurement of the laser diode 20 (see block 124). If the 
difference of the output power of the beams is not within 
specification, then the steps to adjust the optics and support 
bed position are repeated, as shown in block 126. The 
alignment of the optics and vacuum chuck 72 may need to 
be done simultaneously depending on the particular embodi- 
ment. In block 128, when the output power is within 
specification, the optics of the laser head assembly 12 are 
soldered in place. 

A method 129 of aligning the laser head assembly 12 and 
the GRIN lens/modulator assembly 48 to fabricate the 
transmitter 200 is shown in blocks 130-140 of the functional 
diagram of FIG. 14. Referring to block 130 and FIG. 6, the 
carrier plate 202 of the laser head assembly is secured 
fixedly to the optical bed 44 such that the optical path 
propagates along the z-axis. In block 132, the optical bed 44 
is mounted within the transmitter housing 200. A beam 
detector 68 is coupled to the fiber-optic pigtail 28 that is 
attached to modulator 16. In block 134, the carrier plate 206 
holding the GRIN lens/modulator assembly 48 is positioned 
onto the optical bed 44 using a vacuum chuck such that the 
assembly 48 is located in front of the laser head assembly 12. 
In blocks 136-138, the laser diode is energized, and the 
carrier plate with GRIN lens/modulator assembly is posi- 
tioned in the X and Y axes, and pitch and yaw tilt, if needed, 
until the optical power at the output of modulator 16 is 
within specification. The carrier plate 206 is then secured 
fixedly to optical bed 44 to form the integrated laser modu- 
lator assembly. 

An advantage of the embodiment 200 of the present 
invention is that the collimation of the optical beam allows 
for the optics components to be optically aligned and 
laterally-spaced on an optical bed, but not fixed together. 
This permits the components to move independently of each 
other in response to changes in ambient temperature and 
thereby, minimize the detrimental effects of the different 
coefficients of thermal expansion but still be in a fixed 
optical relation relative to one another. This modularization 
of the transmitter also permits interchangability of the 
optical components. 

One skilled in the art would recognize that the optical 
modulator is not limited to a Mach-Zehnder Interferometer 
and that other types of modulators, e.g. Electro-Absorption 
(EA), can be used. The optical modulator material is not 
limited to lithium niobate, but includes others such as glass 
or polymer or others to which interface optics can be 
mounted, without damaging the modulator. Furthermore, 
even though the integrated optical transmitter is shown 
mounted within a housing to form a discrete module, one 
would recognize that a plurality of transmitters can be 
mounted onto a single optical bed or board. 

Although the invention has been shown and described 
with respect to an exemplary embodiment thereof, it should 
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be understood by those skilled in the art that the foregoing 
and various other changes, omissions, and additions in the 
form and detail thereof may be made therein without depart- 
ing from the spirit and scope of the invention. 
We claim: 

1. An integrated optical transmitter for use in an optical 
system, comprising: 

an optical head assembly including 
an optical beam generator for providing an optical 
beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 
an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
response to received modulation signals; and 
interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
maintain a fixed relationship therewith, 
wherein said lens assembly further comprises a first 
aspheric lens for collecting and focusing said optical 
beam and a second aspheric lens for generating said 
collimated optical beam, said optical head assembly 
further including an optical isolator disposed between 
said first and second aspheric lenses for preventing 
reflected light from returning to said optical beam 
generator. 

2. An integrated optical transmitter for use in an optical 
system, comprising: 

an optical head assembly including 
an optical beam generator for providing an optical 
beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 

an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
response to received modulation signals; and 

interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
maintain a fixed relationship therewith, 

wherein said interface optics comprises a graded refrac- 
tive index lens which is fixedly mounted to said 
optical modulator. 

3. An integrated optical transmitter for use in an optical 
system, comprising: 

an optical head assembly including 

an optical beam generator for providing an optical 
beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 

an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
response to received modulation signals; and 

interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
maintain a fixed relationship therewith, and 
a signal generator for providing said modulation signals. 

4. The integrated optical transmitter of claim 3 wherein 
said interface optics comprises a graded refractive index lens 
which is fixedly mounted to said lens assembly. 
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5. An integrated optical transmitter for use in an optical 
system, comprising: 

an optical head assembly including 

an optical beam generator for providing an optical 
5 beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 
an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
10 response to received modulation signals; and 

interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
15 maintain a fixed relationship therewith, 

wherein said optical head assembly and said modulator 
are compliantly mounted to a mounting surface. 

6. The integrated optical transmitter of claim 5 wherein 
said optical beam has a wavelength that is a function of 

20 optical beam generator current, said integrated optical trans- 
mitter further comprising a wavelength stabilization means 
that includes a means for sampling the optical beam gener- 
ating feedback signals indicative of the wavelength of the 
sampled optical beam and a controller receiving said feed- 

25 back signals and for generating command signals to adjust 
the current of the optical beam generator to provide an 
optical beam of a preselected wavelength. 

7. The integrated optical transmitter of claim 6 further 
comprising a heating/cooling means in thermal communi- 

30 cation with said mounting plate for maintaining said inte- 
grated optical transmitter at a preselected temperature. 

8. The integrated optical transmitter of claim 7 wherein 
said heating/cooling means further comprises a thermoelec- 
tric cooler. 

35 9. The integrated optical transmitter of claim 7 wherein 
said heating/cooling means is compliantly mounted to said 
mounting plate. 

10. The integrated optical transmitter of claim 5 wherein 
said mounting surface further comprises an interior surface 

40 of a housing. 

11. The integrated optical transmitter of claim 7 wherein 
said optical beam has a wavelength that is a function of 
optical beam generator temperature, said integrated optical 
transmitter further comprising a wavelength stabilization 

45 means that includes a means for sampling the optical beam 
generating feedback signals indicative of the wavelength of 
the sampled optical beam and a controller receiving said 
feedback signals and for generating command signals for 
said heating/cooling means to adjust the temperature of the 

50 optical beam generator to provide an optical beam of a 
preselected wavelength. 

12. The integrated optical transmitter of claim 11 wherein 
the wavelength stabilization means further comprises a 
beamsplitter which provides split sampled beams to pair of 

55 optical filters before presentation to respective optical detec- 
tors and wherein said controller determines said command 
signals from the ratio of the signals from said optical 
detectors. 

13. The integrated optical transmitter of claim 7 wherein 
60 said heating/cooling means is mounted to an interior surface 

of a housing. 

14. The integrated optical transmitter of claim 7 further 
comprising a means for adjusting the temperature of said 
optical beam generator independently of said optical modu- 

65 lator. 

15. An integrated optical transmitter for use in an optical 
system, comprising: 
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an optical head assembly including 
an optical beam generator for providing an optical 
beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 

an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
response to received modulation signals; and 

interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
maintain a fixed relationship therewith, and 
a means for generating signals to energize said optical 

beams generator. 

16. A method of fabricating an integrated optical trans- 
mitter comprising the steps of: 

(a) aligning optically a laser diode and a lens; 

(b) securing the laser diode and the lens to a mounting 
element to define a laser head assembly; 

(c) securing fixedly a focusing lens to the laser head 
assembly in optical alignment with the laser diode and 
the lens; 

(d) securing compliantly the laser head assembly to a 
substrate; 

(e) securing fixedly an optical modulator to the focusing 
lens in optical alignment with the focusing lens and the 
laser head assembly to define an optical subassembly; 
and 

(f) securing the optical subassembly to a substrate. 

17. A method, as set forth in claim 16, that after step (b) 
includes the step of: 

(a) securing a thermal transfer plug to the laser head 
assembly. 

18. A method, as set forth in claim 16, that before step (e) 
includes the step of: 

(a) coupling a cooling device to the optical bed. 

19. A method, as set forth in claim 14, that before step (e) 
includes the step of: 

(a) optically coupling an optical fiber to a transmitting end 
of the modulator. 

20. A method, as set forth in claim 16, that after step (d) 
includes the step of: 

(a) securing the substrate to a cooling device within a 
housing. 

21. A method of fabricating an integrated optical trans- 
mitter comprising the steps of: 

(a) providing an optical modulator assembly having an 
optical modulator with a focusing lens coupled to a first 
carrier plate; 

(b) providing a laser head assembly having a optical beam 
generator and a lens coupled to a second carrier plate; 

(c) securing the first carrier plate to a substrate; 

(d) energizing the optical beam generator; 

(e) positioning the laser head assembly on the substrate in 
optical alignment with the optical modulator assembly 
to obtain an optical beam at the transmitting end of the 
modulator within a predetermined level; and 

(f) securing the second carrier plate to the substrate. 
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22. A method, as set forth in claim 21, that after step (c) 
includes the step of: 

(a) mounting the optical transmitter within a housing. 

23. A method of fabricating a modulator assembly for an 
integrated optical transmitter comprising the steps of: 

(a) providing an optical modulator; 

(b) coupling compliantly the optical modulator to a carrier 
plate; 

(c) securing releasably the carrier plate to a vacuum chuck 
having an engagement surface; 

(d) providing an optical beam to a transmitting end of the 
modulator; 

(e) repeating steps j-k, if the peak output power is not 
within a predetermined level; 

(f) adjusting the polarization of the optical beam provided 
to the modulator; 

(g) adjusting the focusing lens to emit an optical beam of 
acceptable output power; 

(h) providing a test assembly having a beam receiving 
lens mounted to a test bed having an engagement 
surface; 

(i) abutting the engagement surface of the vacuum chuck 
to the engagement surface of the test bed; 

(j) adjusting the focusing lens to emit from the receiving 
lens an optical beam of maximum output power; 

(k) adjusting the position of the vacuum chuck to obtain 
peak optical coupling; and 

(1) securing fixedly the focusing lens to the receiving end 
of the modulator along the optical axis. 

24. A method of fabricating a laser head assembly for an 
integrated optical transmitter comprising the steps of: 

(a) providing an optical beam generator; 

(b) energizing the beam generator; 

(c) measuring a first output power of the optical beam; 

(d) coupling releasably a mounting plate to a vacuum 
chuck having an engagement surface; 

(e) aligning the beam generator on the mounting plate; 

(f) aligning an optical lens to roughly collimale an optical 
beam; 

(g) providing a test assembly having a beam receiving 
lens mounted to a test bed having an engagement 
surface; 

(h) abutting the engagement surface of the vacuum chuck 
with the engagement surface of the test bed; 

(i) adjusting the beam generator and the optical lens to 
provide peal( output power of the optical beam emitted 
from the focusing lens of the test assembly; 

(j) adjusting the vacuum chuck to obtain peak optical 
coupling; 

(k) comparing peak output power of the optical beam 

emitted from the test assembly with the first output 

power of the beam generator; 
(1) securing the beam generator and optical lens in place 

if the peak output power is within a predetermined 

level; and 

(m) repeating steps i-k, if the peak output power is not 
within a predetermined level. 
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ABSTRACT 



An optical modulator that includes a resonator near one arm 
of a Mach-Zehnder interferometer and that increases the 
optical length of that arm so as to introduce a phase-shift in 
an optical signal propagating in that arm when compared to 
an optical signal propagating in the other arm of the inter- 
ferometer. The resonator also increases the electro-optic 
interaction between an electrical signal (i.e., the source of 
information in a modulated signal) and the optical devices 
(e.g., waveguides). A modulator constructed in accordance 
with the present invention is thus physically small than prior 
art modulators and requires a significantly reduced drive 
voltage to impart information on an optical signal. 

32 Claims, 6 Drawing Sheets 
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LOW DRIVE VOLTAGE OPTICAL converge to form an output waveguide. A resonator having 

MODULATOR a diameter of less than or equal to approximately 50 fim is 

located near one of the first and second arms and operatively 

CROSS-REFERENCE TO RELATED coupled thereto across a gap having a width of less than or 

APPLICATION 5 equal to approximately 0.5 pan. When an optical signal is 

™. ,. 4 . , . . . 4 „ . . in** directed into the input waveguide, that optical signal is split 

lbs application claims pnonty to Provisional Patent Ornately , he * wjth / flrst % oa of the 

Application Serial No. 60/153,174, filed on Sep. 10, 1999, «^ propagating m g. fiist am [ nd , second 

pending. portion of the optical signal propagating in the second arm. 

FIELD OF THE INVENTION 10 ^ c rcsonator k toned to a predetermined wavelength 

(preferably matched to the wavelength of the optical signal 

The present invention is directed to an optical modulator directed into the waveguide by an optical source) and a 

and, more particularly, to an optical modulator that includes portion of the optical signal propagating in the arm near the 

a Mach-Zehnder int erferometer having a resonator coupled resonator is coupled to the resonator. An AC voltage applied 

to one arm that increases the optical length of that arm and to the resonator may cause the refractive index of the 

that also reduces the amplitude of a drive voltage signal 1 resonator to change, which may cause the optical length of 

required to introduce a phase -shift into an optical signal the resonator to change thus imparting a phase-shift in the 

propagating through the arm to which the resonator is optical signal propagating therein. Thus, the optical signal 

coupled. propagating in the arm near the resonator, when viewed at a 

BACKGROUND OF INVENTION 20 ^7 °P ,icaU y downstream from the resonator .is phase- 

. shifted with respect to the optical signal propagating in the 

^ A typical Mach-Zehnder modulator includes an interfer- other arm. When the phase-shifted signal recombines with 

ometer having an input waveguide, two arms that branch the non-phase-shifted signal at the junction of the two arms 

from the input waveguide, and an output waveguide at the (i.e., at the output waveguide), the optical signal propagating 

junction of the two arms. An optical signal is directed into ^ in the output waveguide and emerging therefrom is ampli- 

and propagates in the input waveguide, and is split between tude modulated because the optical signals emerging from 

the two arms so that approximately one-half of the input the respective arms will interfere constructively and destruc- 

optical signal propagates in each of the interferometer arms. tively due to the phase mismatch between those signals. 

A drive voltage is applied to one arm of the interferometer in another embodiment of the present invention, a respec- 

which changes the effective refractive index of that arm and 3Q tive resonator is located near both arms of the Mach- 

introduces a phase-shift in an optical signal propagating in Zehnder interferometer. An AC drive voltage of approxi- 

that arm. The phase-shifted optical signal combines with the mately equal amplitude, but opposite polarity, is applied to 

non-phase-shifted optical signal at the output waveguide and the resonators to introduce opposite phase-shifts in the 

produces amplitude modulation in the optical signal due to optical signal propagating through the two arms, thereby 

phase mismatch between the signals and the fact that parts 35 doubling the amount of phase-shift possible with a given 

of the two optical signals interfere both constructively and voltage. 

destructively. The output of the modulator is thus an ampli- t d ye t another embodiment of the present invention, a low 

tude modulated optical signal. A relative phase-shift ^ve voltage optical modulator comprises a Mach-Zehnder 

between the optical signals in the two arms of approximately interferometer having an input waveguide, first and second 

n is required to achieve large signal modulation (i.e., the 4Q arms connected to the input waveguide, and an output 

ability to switch the output of the modulator between on and waveguide connected to the first and second arms. The 

off states). The voltage required to introduce a phase-shift of modulator of this embodiment also includes a phase-shifter 

approximately ji, V„, is typically between 5 and 10 volts AC mat ^ operatively coupled to the first arm across a gap and 

(VAC). ma t causes a predetermined phase shift in an optical signal 

Prior art Mach-Zehnder modulators, such as those made 45 propagating in the first arm. 

from Lithium Niobate, are relatively large (e.g., about 10-60 The invention accordingly comprises the features of 

millimeters long, measured generally as the length of the construction, combination of elements, and arrangement of 

arm) and require a relatively high V,, (e.g., between 5 and 10 parts which will be exemplified in the disclosure herein, and 

VAC) because the electro-optic effect in such modulators is the scope of the invention will be indicated in the claims. 

weak. Semiconductor Mach-Zehnder modulators can be cn .„,„ T . 

smaller (e.g., about 1-20 millimeters long) than those con- " DESCRIPnON OF THE DRAWINGS 

structed of Lithium Niobate due to stronger electro-optic In the drawing figures, which are not to scale, and which 

effects for some semiconductor materials, when compared are merely illustrative, and wherein like reference characters 

with Lithium Niobate. However, approximately 3 mm denote similar elements throughout the several views: 

length of waveguide is still required to introduce a phase- 55 FIG. 1 is a schematic diagram of an optical modulator 

shift of % to an optical signal, and a drive voltage of between having a resonator located near one arm of a Mach-Zehnder 

approximately 0.5 and 2 VAC may still be required. interferometer and constructed in accordance with the 

There thus exists a need in the art for a modulator that present invention; 

overcomes the above -described shortcomings of the prior FIG. 2 is a cross-sectional view taken along the line 2 — 2 

art. 60 of FIG. 1; 



SUMMARY OF THE INVENTION 



FIG. 3 is a schematic diagram of an optical modulator 
having a respective resonator near both arms of a Mach- 
The present invention is directed to a low drive voltage Zehnder interferometer and constructed in accordance with 
optical modulator that includes a Mach-Zehnder interferom- the present invention; 

eter having a resonator located near one of its arms. 65 FIG. 4 is a graphical depiction of the phase response of an 

A Mach-Zehnder interferometer having an input ideal resonator for four different values of the resonator 
waveguide that splits to form first and second arms, which reflectivity; 
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FIG. 5 is a graphical depiction of the output of an ideal refractive index of light in the resonator 50, and n gap is the 

interferometer for two different values of the resonator effective refractive index of light in the gap 52. The gap 52 

reflectivity; is filled with a medium 54 having a relatively low refractive 

FIG. 6 is a graphical depiction of the amplitude response ^ w when compared with tbc »fira^iyc indices of 

of a resonator for four different values of resonator reflec- 5 the resonator 50 and interferometer 20 (which in a preferred 

J. . t embodiment, are approximately the same). Preferably, the 

^' medium 54 has a refractive index in the range of between 

FIG. 7 is a graphical depiction of the phase response of a approximately 1.0 and approximately 2.0. For example, the 

resonator for two different values of the resonator reflectiv- gap 52 may be filled with air or with one or more other 

ity and considering the effects of loss in the resonator; materials having a refractive index higher than air such as, 

FIG. 8 is a graphical depiction of the output of an 10 by way of non-limiting example, acrylic, epoxy, silicon 

interferometer for different values of resonator reflectivity dioxide, silicon nitride, spin-on glass, low absorption 

and considering the effects of loss in the resonator; polymers, photoresist, poly-methyl metacrorate, and poly- 

FIG. 9 is a graphical depiction of the output of an imide, 

interferometer having two resonators and for different values The interferometer 20 depicted in FIG. 1 (and FIG. 3), and 

of resonator reflectivity and considering the effects of loss in constructed in accordance with the present invention, 

each resonator and includes nearly identically constructed arms 26, 28, and the 

FIG. 10 is a graphical depiction of bandwidth versus location of the resonator 50 near either one of the arms 26, 

resonator reflectivity for three different optical path lengths. 28 » thus a ™< ine ma " er of desi S n 1 bein S 

to persons skilled in the art from the disclosure provided 

DETAILED DESCRIPTION OF THE 20 herein that operation of the inventive modulator 10 does not 

PRESENTLY PREFERRED EMBODIMENTS depend on beating the resonator 50 near a particular one of 

The present invention is directed to an optical modulator the arms 26, 28. Thus, although the resonator 50 is disclosed 

comprised of a Mach-Zelinder interferometer having a reso- and depicted near arm 26, it may alternatively be located 

nator located near one of the interferometer arms. A portion near arm 28 as a routine matter or design choice. 

of the light propagating in the arm near the resonator is An AC voltage source 70 js connected to the resonator 50 

coupled into the resonator which is connected to an AC and applies a drive voltage having a variable amplitude to 

voltage source. By changing the amplitude of the AC the resonator 50 which causes the effective refractive index 

voltage, the refractive index and optical path length of the and optical path length of the resonator 50 to change. 

resonator are changed, which causes a phase-shift in the Consequently, the optical signal propagating in the resonator 

optical signal propagating in the resonator, when compared 50 experiences a phase-shift based on the amplitude of the 

to the optical signal propagating in the other arm of the drive voltage. Preferably, the applied drive voltage varies so 

interferometer. With a resonator diameter of less than as to cause a phase-shift in the optical signal propagating in 

approximately 50 fim, an optical modulator constructed in the resonator 50 of between approximately 0° and The 

accordance with the present invention is significantly 3J drive voltage required to cause such a phase-shift is referred 

smaller than prior art modulators. In addition, a significantly to herein as V„, and is generally defined by: 

smaller drive voltage (i.e., less than approximately 1 VAC) 

is required to introduce a desired phase -shift (e.g., x°) in an y ^ (l -r)\ (2) 

optical signal propagating in the resonator and in the arm d dn *\ 

near the resonator. 40 \dv } 

Referring now to the drawings in detail, a first embodi- 
ment of an optical modulator (also referred to herein as a whefe f is ^ mirrQr reflectivity of the reson ator (defined 
Mach-Zehnder modulator) is depicted in FIG. 1 and gener- b ^ (4) below)> L ^ the Qptical palh leflgth of 
aUy designated by reference numeral 10. Vat modulator 10 ^ resonator 50 and defined ^ L=23tR (R is the 
includes a Mach-Zehnder interferometer 20 having an mput 45 resonator radius) , and n< ^ me effective refractive 
waveguide 22 which splits at a junction 16 into two arms 26, index of {h& resonator 50 

28. The interferometer 20 also includes an output waveguide ^ ^ g() such as> for example> a laser> is 

24 extending from a junction 18 of the two arms 26, 28. coupled {Q (he ^ waveguide 22 and direc t?f^ource 

With continued reference to FIG. 1 and with additional optical signal g2 having a predetermined wavelength into 

reference to FIG. 2, a resonator 50 is located near an arm 26 50 ^ input waveg uide 22 , The source optical signal 82 splits 

of the interferometer 20 and may be formed as a microcavity g t the j unction 2 $ so tba( a ftrst portion of the optica! signal 

ring or disk. An optical cavity can be said to be an ideal S2 a (approximately one-half determined in terms of the 

microcavity when the cavity length L c is so small as to give powef levd of lhe optical signal §2) prop agates in arm 26 

a large bf c value so that Beta(Freq) approaches unity (i.e. and a second portion g 2 b propagates in arm 28. The second 

when Af c is almost as large as Af, so that (BetaFreq)-l.O). 55 portion g2b em e r g es from the arm 28 and into the output 

In practice, an optical cavity can be said to be a microcavity wave guide 24 with the same phase as the source optical 

if it's (BetaFreq) is larger than approximately 0.03. It can be signal 82. 

said to be a good microcavity if Beta(Freq) is larger than 0.1 . ^ fifSt porXion B2 a is partially coupled from the arm 26 

The resonator 50 is preferably opera tively coupled to the to me resonator 50 via resonant waveguide coupling. The 

arm 26 across a gap 52 generally defined by the equation: 60 reS onator introduces a predetermined phase-shift in the 

optical signal, and the phase-shifted optical signal 82c is 

(1) coupled back to the arm 26 via resonant waveguide cou- 

V rt L ~ n ]ap pling. When the phase-shifted signal 82c and the non-phase- 
shifted signal 826 combine at the junction 18 of the arms 26, 
65 28, the phase -shifted signal 82c will introduce amplitude 

where is the longest operating wavelength of light in modulations into the non-phase-shifted signal 82b so that the 

Xm in the resonator 50, n w is the effective propagating signal propagating in the output waveguide 24 is an ampli- 
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tude modulated signal 82d. The amplitude modulation is 
caused by the relative phase-shift between signals 826 and 
82c and further due to the fact that, when combined, those 
signals will interfere both constructively and destructively. 

The drive voltage represents information content (e.g., 
text, graphs, video, etc.) derived from various art -recognized 
and generally known electronic devices, circuits, and the 
like. Variations in the amplitude of the drive voltage cause 
different phase -shifts to be imparted on the optical signal. 
The different phase-shifts, in turn, cause amplitude modu- 
lation of the non-phase-shifted optical signal S2b when that 
signal and the phase -shifted optical signal 82c recombine. 

Ideally, a ring resonator SO coupled to a substantially 
straight waveguide, i.e., an arm 26 of the Mach-Zehnder 
interferometer 20, acts as an all-pass niter having a reflection 
coefficient of (for a single input, single output resonator 30) 
given by: 



1 - re-* 



Where, 



7x to <o 
6 = -T-r^L = n, — L = 2n - 

A C &U) F SR 



(4) 



and, where r is the mirror reflectivity of the resonator 50 
(i.e., waveguide), L is the round-trip optical path length 
experienced by an optical signal propagating in the resonator 
50 and is defined as 2rcR=m>w where R is the radius of the 
resonator and m is a positive integer. In equation (5), n e is 
the effective refractive index of the resonator SO, X, is the 
optical wavelength of the optical signal propagating in the 
resonator SO, and &f FSR =c/(nJL) defines the change in the 
free spectral range of the optical signal 82. The mirror 
reflectivity r determined the number of times an optical 
signal travels, round-trip, through the resonator 50, and is 
related to the power coupling factor (C) between the reso- 
nator 50 and the arm 26 of the interferometer 20 and is 
defined by: 



(5) 



Equation (3), which defines the reflection coefficient of a 
single input, single output resonator 50, has both amplitude 
and phase components. In an ideal resonator 50 (i.e., a 
lossless resonator 50), the amplitude component of equation 
(3) is approximately equal to 1 for all frequencies (i.e., an 
idea] resonator 50 operates as an all-pass filter). However, 
the phase component is dependent upon 6 which may be any 
of the frequency, refractive index of the resonator 50, or 
optical path length L, and is given by: 



-cosd) 
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The phase defined by equation (6) is graphically 
depicted in FIG. 4 as a function of f/&f FS R, or 6/2ji for 60 
different values of reflectivity r of the resonator 50. From 
FIG. 4 it is apparent that the phase changes from jt to -ji 
across a small part of the free spectral range, and that the 
phase change is substantially linear about the central part of 
the free spectral range. Greater or lesser linearity in changes 65 
in phase in an optical signal can be achieved by designing 
the resonator 50 to have a specific reflectivity r. 



6 



The output of an ideal Mach-Zehnder interferometer 20 
having a ring resonator 50 located near one arm 26 is given 
by equation (7) and depicted graphically in FIG. 5. From 
equation (7) it is apparent that the interferometer 20 output 
changes from 0 to 1 for a change in phase of approximately 



^-^(l+COS <*) 



(7) 



The present invention may be used for both analog and 
digital applications. For analog applications such as, for 
example, cable television, small signal or partial modulation 
is performed in which the output of the interferometer 20 
does not switch completely between an on and an off state. 
For digital applications, large signal or complete modulation 
is performed in which the output of the interferometer 20 
switches between discrete and discernible on and off states. 

The description and equations provided above (see, e.g., 
equations (3), (4), (5) and (6)) are directed to an ideal or 
nearly ideal (i.e., lossless) resonator 50. However, when loss 
is present in the resonator 50, the reflection coefficient 
(previously defined herein by Eq, (3)) is defined by: 



25 



1 -rAe't 6 * 



(8) 



where A represents amplitude and is defined by exp(-aL/2), 
and where a is the power loss coefficient and depends on the 
material from which the resonator 50 (i.e., waveguide) is 
30 constructed. Equation (8) thus represents a resonator 50 that 
is no longer an all-pass filter but rather, that is tuned to a 
particular frequency (wavelength). The amplitude part of 
equation (8) is now given by: 



35 



lml 2 = 



r 2 + A 2 -IrAcozd 
1 f WA 2 -2Mcos<5 



(9) 



and is depicted graphically in FIG. 6 for different combina- 
tional values of r and A over the free spectral range. It can 
be seen from FIG. 6 that amplitude A decreases about the 
resonant frequency (or wavelength) which implies that there 
is amplitude modulation associated with the phase modula- 
tion. The amplitude drop at resonance is also due, at least in 
part, to the fact that an optical signal will complete more 
round- trip loops in the resonator 50 before coupling out of 
the resonator 50 and into the arm 26. Since loss in the 
resonator 50 is maximized at resonance, the effect of loss is 
detrimental on the performance of the resonator 50 and 
modulator 10 constructed in accordance with the present 
invention. 

The change in amplitude can be taken into account in 
considering the Mach-Zehnder output. Thus Instead of Eq. 
(7), the output of the interferometer 20 can be expressed as: 



55 



I^I^tl + |r 11 (6)| 2 + 2r| u (6)|«>s(<( > (6))] 



(10) 



The interferometer 20 output is depicted in FIG. 8 for 
different values of A. 

Phase, on the other hand, is not sensitive to loss, as 
depicted graphically in FIG. 7, where the phase-shifts for 
different combinational values of r and A are nearly indis- 
tinguishable. 

The advantages of the present invention may be more 
apparent by comparison of GaAs-based and InP-based 
modulators. For a GaAs modulator 10 having a resonator 50 
with a coupling factor of approximately 8%, r will be 
approximately equal to 0.96. For an interferometer arm 
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length approximately equal to 100 ^m, and an optical signal 

wavelength X. approximately equal to 1.55 /an, a change in ^ S^lzL <13) 

6 of approximately 0.014x2n is required to effect a phase- ~ L 
shift of approximately ji in the optical signal 82. 

Consequently, the required change in n e (i.e., An r , the 5 frQm which ^ ^ be ^ ^ tfae baadwidlh ^ opcra . 

effective refractive index of the resonator 50) is approxi- tional of the resonator 50 [ s inversely proportional to 

mately equal to 0.014)7L-2.2xlO- 4 . Such a small shift can me optical path length L. Bandwidths are plotted in FIG. 10 

be easily achieved at very low voltage. For example, utiliz- f or various combinations of r and L. For a bandwidth 

ing the linear electro-optic effect available with GaAs semi- approximately equal to 40 GHz, an optical path length L of 

conductor material: An tf =(n 3 /2)r 4i rE, where r 41 ~1.5xl0~ 10 about 30 /an will maintain a reflectivity r of approximately 

cm/V is typical for GaAs material at 1.55 fim wavelength, 0.96. This implies that V n will be about three times larger 

EoV/d, d«0.5 [im is the thickness of the intrinsic region in than the case where the optical path length is approximately 

a P-I-N diode waveguide structure, and n=3, T=0.8 is the equal to 100 /im. 

optical confinement factor. For such a device construction, a 15 Both the drive voltage (Eq. (2)) and the bandwidth 

drive voltage, derived as dn r /dVo3.24xlO" 5 , and V Jt «2dAn e / (Eq. 13)) depend on r and L. Consequently, the smaller the 

(n 3 r 41 I>6.7, VAC, is required. dr ive voltage V„, the smaller the bandwidth. A useful 

„ . u .1 • a u.. „»-r, «« *u a ™« specification parameter for a resonator 50 constructed in 

This can be significantly improved by utilizing the qua- ^ , * ' . . *• - *u t u u^a»aa*u 

, . t - a iLi -*uinu J ■ accordance with the present invention is thus the bandwidth 

dratic electrooptic effect available with InP-based semicon- a . , . „ nUnt \ »,u;„u ^ k„. 

... , . • , . • , , lL . , , n per unit drive voltage, which is given by: 

ductor matenal by designing the material wavelength to be 20 r 

nearer to 1.55 /mi. In this case, V„ would be approximately ^ c rf ^ (14) 

0.5 VAC. The same performance can be obtained for X=1.3 — = 
(xm . By further optimizing the design of the resonator to give 
r=0.99, An, can be reduced to approximately 0.004VL=4.6x 

10- 5 , about 5 times smaller than required for the case where 25 For a given wavelength and waveguide structure, the speci- 

r-0.96. It is thus possible to achieve a V, of about 0.1 VAC fication parameter is only proportional to dn^dV, which 

when InP-based semiconductor material is used. represent the magnitude of the electro-optic effect. For the 

Another embodiment of the present invention is depicted Hnear el^ptic effect at a wavelength approximately 

in FIG. 3. Like numbers are used to indicate like structures 30 «g£ ^iTh^ * Tf T , * 

, . . c t , 1™ a innv 30 0.665 GHz/Volt. For the quadratic electro-opUc effect, An. is 

and the primary difference of the optical modulator 100 is . , . t ;* 3 „ 2 , . v ff t , e 

. t »■ .an- a a ~~ n ~u m >>< approximately equal to (Vi)n/sE z , and the effect can be up 

that a respective resonator 50 is provided near each arm 26, . , iL \l r 1 * <r f 

- 0 r ._ • -in, r r , . . . to 100 times larger than the linear electro-optic effect, 

28 of the interfere meter 20. Each resonator is operatively , . 6 , 4 . ^ . , V . 

.... 1£ ff-»u- depending on the energy detuning. The variable s in the 

coupled to its respective arm 26, 28 across a gap 52 having p . & 4 - r * * u * /: m-ie 

« « . « rj j 1 ;i v . A _ preceding equation for An, can range from about 6x10 

a dimension defined by equation (1), above. A respective „ F 2^/2* t? * ^ 2nn u • _ *u a « 

- n . * 1 . aft a ap 35 cnr/V 2 to about 2xl0 rJ 3 cmW - However, since the figure 

voltage source 70 is connected to each resonator 50. An AC . . .... . 4 » *• c r 

, . & u c • . 1 i „ i**, a i« * ~ of merit AfTV is not a constant, a more effective figure of 

drive voltage of approximately equal amplitude, but oppo- ~^ A r/w2 u* u • *• 1 * a. u j. -j*u 

site polarity, is applied to the rionatoK 50 to introduce mcnt ™J !» ^ • wh,ch 15 P^'^ «o ««» ^dwidth 

opposite phase-shifts in the optical signal propagating J^Ll bandwidth limited by the RC con- 

tbrough the two arms thereby doubling the amount of AQ stantoftheresonator 50 isgivcnbyM .^6, where R-50 

phase-shift possible with a given drive voltage. , j^-^t^j •* a c a u 

r ^ 0 0 ohms, and C is the electrode capacitance, defined by C*^ 

For a linear electro-optic effect, and usingJhfijymmctry (wL/d)j where ^ ^ the permitdvity, w is the waveguide 

ofrn (r ?1 (6)-r n (-6)) t the output of the interferometer 20 in widlhj and d ^ mc intrinsic layer thickness. The parasitic 

FIG. 3 is given by: capacitance can be neglected. For w, d and L in ^m, and 

« e *12<= then: 



t-UH|r lt (6)P<i+oo S (aK6))) (ID 



Af-30,OOOd/(wL)GHz (IS) 



This is depicted graphically in FIG. 9, where it can be for L-100 /an, w=0.5 ^m and d-0.5 ^m, the RC-Umited 

seen that the change in output occurs over a much smaller bandwidth is thus approximately equal to 300 GHz. By 

range of 6 compared to the single-resonator configuration of 50 comparison, conventional waveguide electro absorption 

FIG. 1. modulators are betwesn approximately 200-500 microns 

The operational speed (i.e., throughput) of the resonator long, and have widths of between approximately 2-3 ^m, 

50 is limited by the amount of time that the optical signal and have typical RC-limited bandwidths of between 

remains in the resonator 50. That time is given by: approximately 10-40 GHz. 

55 Referring next to FIG. 2, a resonator 50 and one arm 26 

d<)> d$ 36 / l -rcosS \L (12) of an interferometer 20 are depicted in cross-section. Both 

rs 7Z ~ Islw ~ "1(1 +/-2 -2rQos6 { ))~c n ' the resonator 50 and interferometer 20 are preferably iden- 
tically constructed, and may comprise either a photonic-well 
or a photonic -wire waveguide device. Exemplary photonic- 

The bandwidth of the resonator 50 is then given by 60 wire and photonic- well devices are respectively disclosed in 

AM/(2rct). U.S. Pat. Nos. 5,878,070 and 5,790,583, and an exemplary 

A maximum time delay of an optical signal in the reso- resonator is disclosed in U.S. Pat. No. 5,926,496, the entire 

nator 50 occurs when cos 6-1, and is given by x^^x^l-r), disclosure of each of those patents being incorporated herein 

where T 0 ~n,IVC. Since the time delay, x, is a function of the by reference. Since the resonator 50 and interferometer 20 

optical length of the resonator, which is a function of 65 are nearly identically constructed, the following description 

voltage, the average t during a modulation cycle isx m /2. The is directed to the resonator 50, it being understood that such 

bandwidth of the resonator 50 is then given by: description applies equally to the interferometer 20. In 



01/07/2004, EAST Version: 1.4.1 



US 6,3' 

9 

addition, the resonator 50 and/or interferometer 20 may also 
each be referred to herein as a waveguide. 

With continued reference to FIG. 2, the resonator 50 is 
formed of semiconductor materials for on-chip integration 
with other semiconductor devices such as a semiconductor 
laser. A wafer epitaxial growth process is used to form the 
various semiconductor layers of the resonator SO on a 
substrate 30. As shown in the embodiment of FIG. 2, a first 
cladding layer 32 of InP is formed on a substrate 30 of InP. 
A core 34 of InGaAsP is formed on the first cladding layer 
32 and a second cladding layer 36 of InP is formed on the 
core 34. The lower cladding layer 32 is suitably doped to 
form n-type semiconductor material, and the upper cladding 
layer 36 is suitably doped to form p-type semiconductor 
material, thus forming a P-I-N structure of stacked, layered 
semiconductor materials. 

The substrate 30 in this embodiment has a refractive index 
approximately equal to 3.2. The respective refractive indices 
of the core 34 and first and second cladding layers 32, 36 are 
discussed in more detail below. In the embodiment depicted 
in FIG. 2, the first cladding layer has a thickness of approxi- 
mately 1.5 ^m, the core 34 has a thickness of approximately 
0,65 jum, and the second cladding layer 36 has a thickness of 
approximately 0.85 /an. 

With continued reference to FIG. 2, for a photonic-well 
waveguide resonator 50, the core 34 is a relatively high 
refractive index semiconductor material having a refractive 
index n co „ greater than about 2.5, such as from about 3 to 
about 3.5 and above, for InGaAsP, AlGaAs, InGaN/AlGaN 
materials. Typical low refractive index mediums 54 
described below for use in practicing the present invention 
have refractive index n /ow below about 2.0, preferably below 
1.6, such as from about 1.5 to about 1.0. The ratio of the 
refractive indices n co Jn low is preferably larger than about 
1,3. The relatively low refractive index medium 54 includes 
air (refractive index of 1) and serves to spatially confine 
photons tightly in directions perpendicular to their circum- 
ferential propagation direction in the waveguide core 34. 
Other low refractive index mediums 54 that may be used 
include acrylic, epoxy, silicon dioxide (SiOJ, aluminum 
oxide, silicon nitride, spin-on glass, polymers with low 
absorption at the emission wavelength, photoresist, poly- 
methyl metacrorate, and polyimide. For a photonic-wire 
resonator (described in more detail below), the core 34 is 
sandwiched between the lower and upper cladding layers 32, 
36 which may comprise a relatively low refractive index 
material, as described above. 

In a photonic-well resonator 50, the lower and upper 
cladding layers 32, 36 disposed below and on top of the 
waveguide core 34 have a relatively high refractive index as 
compared to the lew refractive index medium 54 and thus 
weakly confine photons in the resonator. The cladding layers 
32, 36 may have a refractive index of about 3.1 as compared 
to the refractive index of 1 for air medium 54 or of 1.5 for 
silica medium 54. The refractive index of cladding layers 32, 
36 is slightly less than the refractive index of core 34, which 
is about 3.4. 

In a photonic-wire resonator 50, the lower and upper 
cladding layers 23, 36 disposed below and on top of the 
waveguide core 34 have a relatively low refractive index as 
compared to the refractive index of the core 34 and thus 
strongly confine photons in the resonator. 

In practicing embodiments of the invention, a photonic- 
well resonator 50 can comprise semiconductor materials 
In^Ga^ As y P j _ y J\n x M l _ X ^G a^As as the n conf and 
materials and an aforementioned material with a refractive 
index of about 1,6 or lower as the n lo „ material. Alternately, 
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the photonic-well resonator 50 may comprise semiconductor 
materials In^Gaj^/A^Gaj.^ as the a corv and n w mate- 
rials and a material with a refractive index of about 1.6 or 
lower as the n low material. Still further, the photonic-well 
5 resonator 50 may comprise semiconductor materials 
A^Gaj,^ or In^Gaj^ as the n co „ and n Ai h materials and 
a material with a refractive index of about 1.6 or lower as the 
n Iaw material. 

By constructing an interferometer 10, 100 as described 
1Q above, including a resonator operatively coupled to one arm, 
the optica] length of that arm may be increased so as to 
introduce a phase-shift in an optical signal propagating in 
that arm when compared to an optical signal propagating in 
the other arm of the interferometer. The inventive modulator 
also exhibits the quadratic electro-optic effect which can 
15 cause a change in the refractive index of the resonator 
proportional to the square of the electric field (i.e., voltage) 
applied to the resonator. Thus, larger changes in refractive 
index are possible with smaller voltages. As a result, both the 
physical length of the modulator and the voltage necessary 
20 to effect a n phase-shift in an optical signal are significantly 
reduced. 

In accordance with the present invention, a resonator may 
be provided as part o f a Mach-Zehnder interferom eter to 
construct a highly efficient optical phase modulator. A"drive 

25 voltage of less than approximately 0.1 volt may provide a n 
phase-shift in an optical signal when the quadratic electro- 
optic effect is present; which is generally true for InP-based 
photonic-well or photonic-wire material structures. Such a 
low drive voltage may also be achieved by designing the 

30 coupling factor between the resonator and the Mach Zehnder 
interferometer (i.e., waveguide) to be very weak, e.g. less 
than approximately 2%. If the linear electro-optic effect is 
present, which is typically the case for GaAs-based 
materials, a low drive voltage of approximately 1 volt may 

35 provide the desired n phase-shift by using a push-pull 
configuration which provides a resonator near each arm of 
the Mach-Zehnder interferometer. 

Thus, while there have been shown and described and 
pointed out fundamental novel features of the invention as 

40 applied to preferred embodiments thereof, it will be under- 
stood that various omissions and substitutions and changes 
in the form and details of the disclosed invention may be 
made by those skilled in the art without departing from the 
spirit of the invention. It is the intention, therefore, to be 

45 limited only as indicated by the scope of the claims 
appended hereto. 

It will thus be seen that the objects set forth above, among 
those made apparent from the preceding description, are 
efficiently attained and, since certain changes may be made 

so in the above construction without departing from the spirit 
and scope of the invention, if is intended that all matter 
contained in the above description and shown in the accom- 
panying drawings shall be interpreted as illustrative and not 
in a limiting sense. 

55 It is also to be understood that the following claims are 
intended to cover all of the generic and specific features of 
the invention herein described and all statements of the 
scope of the invention which, as a matter of language, might 
be said to fall therebetween. 

60 What is claimed is: 

1. A low drive voltage optical modulator comprising: 
a Mach-Zehnder interferometer having an input 
waveguide, first and second arms connected to said 
input waveguide splitting an input optical signal having 

65 a predetermined wavelength into a first portion and a 
second portion, and an output waveguide connected to 
said first and second arms; 
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a resonator having a refractive index and being opera- 
tively coupled to one of said first and said second arms 
across a gap; and 

a voltage source connected to said resonator for providing 
a drive voltage thereto, wherein changes in amplitude 5 
of the drive voltage cause said resonator refractive 
index to change; 

said changes in said resonator refractive index causing a 
phase-shift in the first portion of the optical signal 
propagating in said first arm relative to the second 10 
portion of the optical signal propagating in said second 
arm. 

2. The optical modulator of claim 1, wherein said Mach- 
Zehnder interferometer and said resonator each comprise a 
relatively high refractive index photonic wire semiconductor 
waveguide having a core surrounded in all directions trans- 
verse to a photon propagation direction in said interferom- 
eter and said resonator by a relatively low refractive index 
medium and materials. 

3. The optical modulator of claim 1, wherein said Mach- 
Zehnder interferometer and said resonator each comprise a 20 
relatively high refractive index photonic well semiconductor 
waveguide having a core surrounded on opposite sides in a 
direction transverse to photon propagation direction in said 
interferometer and said resonator by a relatively low refrac- 
tive index medium and materials. 25 

4. The optical modulator of claim 1, wherein said reso- 
nator is formed as a semiconductor microcavity ring. 

5. The optical modulator of claim 1, wherein said reso- 
nator is formed as a semiconductor microcavity disk. 

6. The optical modulator as recited by claim 1, wherein 30 
said first and said second arms are approximately the same 
length, said length being at least approximately equal to or 
greater than the diameter of said resonator. 

7. The optical modulator as recited by claim 1, wherein 
said resonator causes a phase -shift in the first portion of the 35 
optical signal of between approximately 0° and x°. 

8. The optical modulator of claim 2, wherein said core of 
each of said Mach-Zehnder interferometer and said resona- 
tor has a refractive index n COfV of between approximately 2.5 
and 3,5. 40 

9. The optical modulator of claim 8, wherein said core of 
each of said Mach-Zehnder interferometer and said resona- 
tor is made from InGaAsP, AlGaAs, or InGaN materials. 

10. The optical modulator of claim 8, wherein said 
relatively low refractive index medium has a refractive 45 
index n lo „ below approximately 2.0. 

11 . The optical modulator of claim 10, wherein said 
relatively low refractive index medium comprises air, 
acrylic, epoxy, silicon dioxide, aluminum oxide , silicon 
nitride, spin-on glass, low absorption polymers, photoresist, 50 
po:y me!hyl metacrorate, or polyimide. 

12. The optical modulator of claim 10, wherein the ratio 
of refractive indices n co Jn lo „ is greater than approximately 
2.0. 

13. The optical modulator of claim 3, wherein said core of 55 
each of said Mach-Zehnder interferometer and said resona- 
tor has a refractive index n COfV of between approximately 2.5 
and 3.5. 

14. The optical modulator of claim 13, wherein said core 

of each of said Mach-Zelinder interferometer and said 60 
resonator is made from InGaAsP, AlGaAs, or InGaN/AlGaN 
materials. 

15. The optical modulator of claim 1, wherein said 
relatively low refractive index medium has a refractive 
index n /ow below approximately 2.0. 65 

16. The optical modulator of claim 1, wherein said 
relatively low refractive index medium comprises air, 



acrylic, epoxy, silicon dioxide, aluminum oxide, silicon 
nitride, spin-on glass, low absorption polymers, photoresist, 
poly-methyl metacrorate, or polyimide. 

17. The optical modulator of claim 1, wherein the ratio of 
refractive indices n cor Jn law is greater than approximately 
2.0. 

18. The optical modulator of claim 1, wherein the drive 
voltage has a maximum amplitude of less than approxi- 
mately 5 VAC. 

19. The optical modulator of claim 1, further comprising: 
a second resonator having a second refractive index and 

being operatively coupled to said other one of said first 
and second arms across a second gap; and 

a second voltage source connected to said second reso- 
nator for providing a second drive voltage thereto 
having a polarity opposite of the drive voltage provided 
to said resonator, wherein changes in amplitude of the 
second drive voltage cause said second resonator 
refractive index to change; 

said changes in said second resonator refractive index 
causing a phase-shift in the second portion of the 
optical signal propagating in said second arm that is 
approximately equal to the phase-shift in the first 
portion of the optical signal caused by said resonator 
coupled to said first arm. 

20. A low drive voltage optical modulator comprising: 

a Mach-Zehnder interferometer having an input 
waveguide, first and second arms connected to said 
input waveguide splitting an input optical signal having 
a predetermined wavelength into a first portion and a 
second portion, and an output waveguide connected to 
said first and second arms; 

first and second resonators each having a refractive index 
and each being operatively coupled to a respective one 
of said first and said second arms across a respective 
gap; and 

a voltage source connected to each of said first and said 
second resonators for providing a respective drive 
voltage of opposite polarity thereto, wherein changes in 
amplitude of the respective drive voltage cause said 
respective refractive index of said first and said second 
resonators to change; 

said changes in said first resonator refractive index caus- 
ing a first phase-shift in the first portion of the optical 
signal propagating in said first arm and said changes in 
said second resonator refractive index causing a second 
phase-shift in the second portion of the optical signal 
propagating in said second arm. 

21. The optical modulator of claim 20, wherein said 
M?ch-Zehnder interferometer and said firs* tnd said second 
resonators each comprise a relatively high refractive index 
photonic wire semiconductor waveguide having a core sur- 
rounded in all directions transverse to a photon propagation 
direction in said interferometer and said resonators by a 
relatively low refractive index medium and materials. 

22. The optical modulator of claim 20, wherein said 
Mach-Zehnder interferometer and said first and said second 
resonators each comprise a relatively high refractive index 
photonic well semiconductor waveguide having a core sur- 
rounded on opposite sides in a direction transverse to photon 
propagation direction in said interferometer and said reso- 
nators by a relatively low refractive index medium and 
materials. 

23. The optical modulator of claim 20, wherein said first 
phase-shift and said second phase-shift are approximately 
equal to each other. 
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24. The optical modulator of claim 23, wherein said first 
phase-shift and said second phase-shift are between approxi- 
mately 0° and Jt°. 

23. A low drive voltage optical resonator comprising: 

a Mach-Zehnder interferometer having an input 5 
waveguide, first and second arms connected to said 
input waveguide splitting an input optical signal having 
a predetermined wavelength into a first portion and a 
second portion, and an output waveguide connected to 
said first and second arms; and 

a phase-shifter for causing a predetermined phase shift in 
the first portion of the optical signal propagating in said 
first arm and being operatively coupled thereto across 
a gap. 

26. The optical modulator of claim 25, wherein said 
phase-shifter comprises: 

a first resonator having a refractive index; and 
a voltage source connected to said first resonator for 
providing a drive voltage thereto, wherein changes in 2 o 
amplitude of said first resonator drive voltage cause 
said first resonator refractive index to change, said 
changes in said first resonator refractive index causing 
a first phase-shift in the first portion of the optical signal 
propagating in said first arm. 25 

27. The optical modulator of claim 26, further comprising 
a second phase-shifter for causing a predetermined phase 
shift in the second portion of the optical signal propagating 
in said second arm and being operatively coupled thereto 
across a gap. 30 

28. The optical modulator of claim 27, wherein said 
second phase -shifter comprises: 



a second resonator having a refractive index; and 
a voltage source connected to said second resonator for 
providing a drive voltage thereto, wherein changes in 
amplitude of said second resonator drive voltage cause 
said second resonator refractive index to change, said 
changes in said second resonator refractive index caus- 
ing a second phase-shift in the second portion of the 
optical signal propagating in said second arm. 

29. The optical modulator of claim 25, wherein said 
Mach-Zehnder interferometer and said phase-shifter each 
comprise a relatively high refractive index photonic wire 
semiconductor waveguide having a core surrounded in all 
directions transverse to photon propagation direction in said 
interferometer and said phase-shifter by a relatively low 
refractive index medium and materials. 

30. The optical modulator of claim 25, wherein °said 
Mach-Zehnder interferometer and said phase-shifter each 
comprise a relatively high refractive index photonic well 
semiconductor waveguide having a core surrounded on 
opposite sides in a direction transverse to photon propaga- 
tion direction in said interferometer and said phase-shifter 
by a relatively low refractive index medium and materials, 

31. The optical modulator of claim 26, wherein the 
predetermined phase shift is between approximately 0° and 
jt° and wherein said drive voltage is less than or equal to 
approximately 5 VAC. 

32. The optical modulator of claim 27, wherein the 
predetermined phase shift caused by each said phase-shifter 
is between approximately 0° and k° and wherein each said 
drive voltage is less than or equal to approximately 5 VAC. 
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[57] ABSTRACT 

An intensity modulator having a Mach-Zehnder structure 
with first and second waveguide arms formed of an electro- 
optic polymer. The active molecules of the waveguide arms 
are poled in first and second different and substantially 
orthogonal directions. Electrodes are arranged to receive a 
modulating voltage and generate first and second electric 
fields which are respectively aligned with the first and 
second directions. As a consequence, the modulation depth 
of an optical signal which is transmitted through the modu- 
lator is substantially insensitive to the polarization of the 
signal. Other embodiments combine mode splitters and 
combiners with first and second Mach-Zehnder modulators 
which have electro-optic polymer waveguides. The active 
molecules of the arms of the two Mach-Zehnder modulators 
are poled in orthogonal directions. 

19 Claims, 3 Drawing Sheets 
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POLARIZATION-INSENSmVE, ELECTRO- in SM torn. e.g.. fiber asjnmroetf es and JJhawdtte 

nunr MODULATOR Accordingly, intensity modulators are often coupled to 

UFm, mwumiuh lasers ^ polarization-maintaining (PM) fibers to insure 

GOVERNMENT RIGHTS that a linearly polarized signal is presented for modulation 

5 with its polarization properly aligned Although this arrange- 

The government bas certain rights in this invention in men[ b technically acceptable, the current cost of PM fibers 

accordance with MDA 972-94-3-0016 awarded by the ( $J t0 j 7pcr becomes excessive when modulators 

Advanced Research Projects Agency (AREA). ^ m widely spaced. For example, in many 

n ACvnmiKn nF THP INVENTION CATV appU cat » ons 8 iin & e 1 * ser feeds sevcral "wx^ 015 

BACKGROUND OF THE INVENTION 1Q which ZT loated at distances from the laser of several 

1. Field of the Invention kilometers. The cost of such systems would be dramatically 
The present invention relates generally to optical modu- reduced if PM fibers could be replaced with SM fibers 

lators and more particularly to electro-optic modulators. because the current cost of SM fibers (-$0. 15 to $0.22 per 

2. Description of the Related Art ™**) * considerably less than that of PM fibers. 
Optical intensity modulators are used in high-speed, aber- " Primarily for this reason, several strucmres _ J»ve been 

opto links for a variety of applications, e.g.. antenna proposed to permit coupling of bsers and modulators wi* 

rTmoting. cable television and communication systems. SM fibers. In one of mesestructures. meud mergers are 

Although electro-absorption modulators can be used in some positioned about the input pott of the modulator so that they 

maduSon apphcadoTdectro-optic modulators are gen- absorb undesired polarization components^ Unfortunately 

erally preferred because of their superior signal fidelity. » this structure absorbs a considerable portion. e.g_ >50%.of 

modulators utilize the linear electro-optic the optical signal Polarizing beam splitters are ayaOable 

eflSKffect which occurs in materials such as crystals. which accept an unknown polarizado^ .and convert it to nvo 

e r. lithium niobatc (LiNbOJ. and semiconductors, e.g.. known polarizations which can then be coupled to the two 

g^umar^oide. is a proportional change in refractive index arms of a Mach Zchnder modutator However. ^^«ure 

H, an applied decKeWE. » involves additional parts cost .(the beam sputter) and assem- 

The refractive index N„ of a material is defined as cJc 0 in bly cost (connecUon of additional fibers^ 
which c and c 0 are the speeds of light respectively in free An x-cut LiNbO, crystal in which the electric field is 

space and In the material. Therefore, the tunc for light to oriented along the y-axis and the optical field propagates 

Weladlstam»LmmeinaterMisLVc=N^c e sothatthe m along the z-axis has been shown (see Ishikawa. T 

Ssr^omdtoN^wW^ 30 ♦•Polarisation-lndependent LiNb03 Waveguide Optical 

path tength-T Therefore, phase modulation of an optical Modulator". Electronics Utters Vol. 28. No. 6. MarJZ 

signal palskg through an electro-optic waveguide of length 1992. pp. 566-567) to have stibstanoally the same electro- 

L kprc*orional to an applied electric field because the optic coefficient r in orthogonal planes along the z-axis. 

optical pah length NX is proportional to the electric field. Therefore, orthogonal vector components of the optical 

One Lventional dec^c modulator is the Mach- 35 signal's polarization «e tnodulate* I with the sa^nsihv- 

waveguid/phase modulation in this arm is converted to 40 modulation-voltage generator. 

intensity modulation in the modulator by constructive and SUMMARY OF THE INVENTION 

destructive interference when the signal components are 

recombined. The present invention is directed to polarization- 

In crystals, the magnitude of the linear electro-optic 45 insensitive, electro-optic modulators which are simple, do 

coefficient r is a function of the crystal axes. For example, not require additional parts for operation and have sensi- 

in LiNbOj the largest coefficient r 33 occurs along the crys- tivities which are comparable to present electro-optic crystal 

talline z-axis. For the highest modulation sensitivity, the modulators. 

electric and optical fields must both be aligned along the These goals are achieved with a recognition that the active 
z-axis. If Ac optical field is misaligned, only the signal ^ molecules of first and second regions of a single electro- 
vector component along the z-axis will be modulated with optic polymer membei can be aligned respectively fcioug 
the sensitivity of the r 33 coefficient and other vector com- first and second different directions and a recognition that 
ponents will be modulated with a different sensitivity. the arms of a Mach-Zehnder modulator structure can be 

Thus the modulation sensitivity is a function of the formed with electro-optic polymer waveguide arms that 

alignment between the electric and optical signals and the 55 respectively contain these first and second regions Rnally. 

crystal i.e., it is a function of the vector overlap (dot it is recognized that apclarizadon-iiisensidve modu^ 

troduct) of the optical and electrical fields. For this reason, be completed by generating first and second electee fields 

Mach Zehnder modulators are typically used with optical across the first and second waveguide arms and aligning 

signals which have a single, linearly polarized mode whose these fields respectively with the first and second directions, 

polarization (the direction of the electric field) is properly 60 In one eim^odiment the first and second directions are 

aligned with the modulator's crystal The modulation sen- preferably orthogonal so that a first vector component of an 

sitivity for other signals, e.g., an elliptically polarized mode input optical signal which aligns with the first direction is 

or a multimode signal is unpredictable, phase modulated in the first waveguide arm and not in the 

Although laser-generated signals are highly polarized and second waveguide arm. Similarly, a second vector compo- 

sincle-mode (SM) optical fibers conduct linearly-polarized 65 nent of the input optical signal which aligns with me second 

signals with great fidelity, the orientation of the polarization direction is phase modulated in the second waveguide arm 

is randomly routed after a few meters due to various effects and not in the first waveguide arm. By configuring the 
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modulator structure so that phase modulation through the 
first arm equals that through the second arm. the intensity 
modulation of the modulator is caused to be substantially 
insensitive to the optical signal's polarization. 

Another embodiment positions first and second Mach- 
Zehnder modulator structures between an input mode sput- 
ter and an output mode combiner. The active molecules of 
the waveguide arms of the first Mach-Zehnder modulator are 
aligned in a first direction and the active molecules of the 
waveguide arms of the second Mach-Zehnder modulator are 
aligned in a second and preferably orthogonal direction. 
Electrodes are arranged to generate first and second electric 
fields which are aligned respectively with the first and 
second directions and positioned across the waveguide arms 
respectively of the first and second Mach-Zehnder modula- 
tors. The modulators are configured with substantially equal 
"switching voltages 1 * V R in the planes of their electric fields. 
The mode splitters and combiners guide different vector 
components of an input optical signal through the different 
Mach-Zehnder modulators. 

The novel features of the invention are set forth with 
particularity in the appended claims. The invention will be 
best understood from the following description when read in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a plan view of a polarization-insensitive, electro- 
optic modulator embodiment in accordance with the present 
invention; 

FIG. 2 is a view along the plane 2—2 of FIG. 1; 

FIG. 3 is a diagram which compares an unpredictable, 
input optical signal polarization with its vector components 
along orthogonal planes of modulating electric fields and 
electro-optic coefficients in waveguide arms of the modula- 
tor of FIGS. 1 and 2; 

FIG. 4 is a plan view of another polarization-insensitive 
electro-optic modulator embodiment; and 

FIG. 5 is a view similar to FIG. 2 which illustrates an 
interim fabrication step of the modulator of FIGS. 1 and 2. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIGS. 1 and 2 illustrate an optical intensity modulator 20. 
The figures also show SM fibers 22 and 24 which are 
respectively coupled to an input port 26 and an output port 
27 of the modulator 20. The modulator embodiment 20 is 
configured to accept an optical signal 28 at its input port 26 
and deliver an optical signal 29 at its output port 27 which 
k modulated wish a sensitivity that is a function of & 
predetermined electro-optic coefficient r. In particular, the 
modulation sensitivity is insensitive to the polarization of 
the input signal 28. 

In structural detail. FIG. 2 shows that the modulator 20 
has an electro-optic polymer member arranged as a layer 30 
and positioned between an upper polymer cladding layer 32 
and a lower polymer cladding layer 34. These polymer 
layers are supported by a substrate 36. 

An optical waveguide system 40 (see FIG. 1) is formed by 
any conventional process, e.g., selective photobleaching 
with ultraviolet light or selective etching of the electro-optic 
layer 30. which defines optical waveguides. Typically, these 
waveguides have a channel-like core region having a core 
refractive index and a wall or cladding region having a wall 
refractive index which is less than the core refractive index. 
These waveguides control the passage of light along the core 
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region by total internal reflection because of the differences 
in refractive indices of the core and wall regions. 

The electro-optic polymer waveguides are arranged to 
form the system 40. In particular, they include a first 

5 waveguide arm 42, a second waveguide arm 44, an input 
waveguide 46 and an output waveguide 48. Ends 50 and 52 
of the waveguide arms 42 and 44 are coupled to an outer face 
54 of the modulator 20 by the input waveguide 46. The end 
of the input waveguide 46 which adjoins the face 52 forms 

10 the input port 26. In a similar manner, ends 56 and 58 of the 
waveguide arms 42 and 44 are coupled to an outer face 59 
of the modulator 20 by the output waveguide 48, The end of 
the output waveguide 48 which adjoins the face 59 forms Che 
output port 27. The waveguide arm 42, the waveguide arm 

15 44. the input waveguide 46 and the output waveguide 48 are 
arranged in the structural form of a conventional Mach- 
Zehnder modulator. 

An electric field generation system 60 has metallic elec- 
trodes 64, 66 and 68 which are deposited on an upper surface 

20 69 of the substrate 36 and which, therefore, have the 
coplanar relationship of FIG. 2. The system 60 is energized 
by a voltage generator 70 having a modulating voltage of 
V m . The generator 70 can be connected across the electrodes 
66 and 64 and across the electrodes 66 and 68 with con- 

25 vcntional interconnects (e.g.. deposited metallic lines on the 
substrate's upper surface 69) which are indicated schemati- 
cally in FIG. 1 with lines and ground symbols. For clarity of 
illustration, portions of the upper cladding layer 32. the 
electro-optic polymer layer 30 and the lower cladding layer 

30 34 are removed in FIG. 1 to better illustrate the electrodes 
64. 66 and 68. The positions of members of the waveguide 
system 40 in the removed portions are indicated by phantom 
lines. 

35 The electrodes 64 and 66 are positioned so mat when the 
modulating voltage V m is impressed upon them, they gen- 
erate an electric field across the first waveguide arm 42 as 
indicated by an exemplary electric field line 72 through the 
waveguide arm 42. To indicate the symmetry of the electric 

40 field, a corresponding electric field line 73 is shown on the 
opposite side of the electrodes 64 and 66. The electrodes 66 
and 68 are positioned so that when the modulating voltage 
V m is impressed upon them, they generate an electric field 
across the second waveguide arm 44 as indicated by an 

45 exemplary electric field line 74 through the waveguide arm 
44. Again, the symmetry of (he electric field is indicated by 
a corresponding electric field line 75 on the opposite side of 
the electrodes 66 and 68. 
In particular, an upper edge of the electrode 66 is posi- 

50 tioned underneath the waveguide arm 42 and the electrode 
64 is spaced away m>w die upper edge oi the waveguide arm 
42 by a space 76. A lower edge of the electrode 66 and an 
upper edge of the electrode 68 are each spaced away from 
the waveguide arm 44 by a space 77. 

55 Subsequent Co the definition of the waveguide system 40, 
portions of the waveguide arms 42 and 44 are poled, i.e., 
exposed to a strong electric field, to at least partially align 
their active molecules along a selected plane through each 
arm. In particular, the active molecules of the first electro- 

60 optic waveguide 42 are at least partially aligned along a 
plane which is substantially parallel to the electric field line 
72 as it passes through the first electro-optic waveguide 42 
in FIG. 2, i.e., parallel to a direction arrow 82 and orthogonal 
to the upper substrate surface 69. Also, the active molecules 

65 of the second electro-optic waveguide 44 are at least par- 
tially aligned along a plane which is substantially parallel to 
the electric field line 74 as it passes through the second 
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electro-optic waveguide 44 in FIG. 2, i.e., parallel to a product) with the electric field (along the direction 82) in (he 

direction arrow 84 which is orthogonal to the direction waveguide arm 42 and an overlap x\ 2 with the electric field 

arTOW g2 (along the direction 84) in the waveguide arm 44. Because 

' . rt.+n,=l. the input signal 28 will be phase modulated in 

Because of these active molecdeahgnments the KoW^She ejuadon of 
waveguide arm 42 has an electro-optic coefficient t x along a * acw^c wm. u H 

plane through the arm 42 which is parallel with the direction (1) 
arrow 82 and much smaller (by at least an order of A$=n/WfcM ^-J 

magnitude) electro-optic coefficients along other planes . 

through the arm 42. Also because of the molecule as long as the waveguide arms 42 and 44 have (parallel with 
alignments, the waveguide arm 44 has an dectro-optic W respective direction arrows 82 and 84) me same refractive 

coefficient r 2 along a plane through the arm 44 which is index N the same^dectro-optic coefficient r. the same 

£^ith the direction arrow 84 ud much smaller (by at ^ctric fidd strength E ^ and the same length L of Poled 

other planesttirough the arm 44. The poling of the arms 42 ^ tc ^ arrangement between the electrodes 64. 66 and 

and 44 is preferably adjusted so that r,^ in which i :u ;a " ^^ TO4a B ^ 44wWdlMofcsa<de ^ 

predetermined electro-optic coefficient. In a feature of the ^ ?6 and yj ^ sanx lcngth L of electro-optic 

invention, therefore, the polymer waveguide arms 42 and 44 wavC guide is achieved by an appropriate control of the 

are configured with substantially equal dectro-optic coeffi- poUng process. 

dents along orthogonal planes. When A<Mc the recombination interference in the output 

In operation of the intensity modulator 20, an optical 20 waveguide 48 will cause a complete cutoff of the output 

signal 28 is coupled to the input port 26 by the SM fiber 22. signal 29. The dectric field required to switch the modulator 

The signal 22 is split into two substantially equal signal 20 from full on to full off is given by 
portions. One portion is coupled to the waveguide arm 42 

through its end 50 and the other portion is coupled to the , / i \ 1 

waveguide arm 44 through its end 51 After passing through 23 E*=| ^(x) } 
the waveguide arms 42 and 44. the signal portions are 

coupled through respective ends 56 and 58to the ^output produced by a switching 

waveguide where they combine to form a modulated signal ^ ^ ^ £ 70 quired 

29 3° to switch the output signal 29 from full on to full off. The 

The polarization of the input optical signal 28 is repre- vaU|C rf y is dependent upon the sdected spatial arrange- 

sented in FIG. 3 by an arrow 28A. Although the orientation mcm 'tween the electrodes 64. 66 and 68 and the arms 42 

of this polarization 28A is unjredictable, it will have vector afld ^ (inclu<Ung ^ selected magnitudes of the spaces 76 

components 92 and 94 which are respectively parallel with afld ^ 

the orthogonal direction arrows 82 and 84. The vector 3J Hj / dcscribe d the operation of one modulator 

component 92 will be phase modulated in the waveguide cinbodim ent. it k noted mat equation (1) shows that the 

arm 42 because (as exemplified by the direction arrow 82) moduk?or 20 will be polarization insensitive as long as A<t> 

it aligns with the plane of the arm 42 which has an ^ the same in the waveguide arms 42 and 44 along their 

dectro-optic coefficient r and also aligns with the modulat- reS pective direction arrows 82 and 84 (alternativdy, as long 

ing electric fidd in the arm 42. Because the vector compo- ^ fis ^ switchln g voltage Vr is the same in the waveguide 

nent 92 is orthogonal with the electro-optic plane and afms ^ and ^ 

dectric field of the waveguide arm 44, it will be substan- Therefore, other einbodiments of the modulator 20 may 

daily unmodulated in this arm. have different parameter values for the waveguide arms 42 

Id a similar process, vector component 94 will be phase ^ 44. e .g.. different dectro-optic coefficients t 1 and r 2 . 

modulated in the waveguide arm 44 because (as exemplified 43 different electric fields E across the waveguide arms 42 and 

by the direction arrow 84) it aligns with the plane of the arm 44 different lengths L of poled active molecules. It is 

44 which has an electro-optic coefficient r and also aligns only necessary that these parameters be sdected so that the 

with the modulating electric fidd in the arm 44. Because the ^ of equation (1) is substantially equal in the waveguide 

vector component 94 is orthogonal with the dectro-optic arms 42 and 44 along their respective direction arrows 82 

plane and electric fidd of the waveguide arm 42, it will be ^ (eqmvalentry, the same switching voltage along 

substantially unmodulated in this ana the direction arrows 82 and 84). For example. r x could be 

In FIG. 1 therefore, relative to the vector component 92. greater than r 2 as long as the electric field E in the waveguide 

a phase modulated signal at the end 56 of the waveguide arm arm 44 were increased accordingly. In modulator embodi- 

42 will combine with an unmodulated signal at the end 58 ments of the invention, the planes of electric fields and 

of the waveguide arm 44 and form a first intensity modulated 35 electro-optic coefficients of the waveguide arms 42 and 44 

signal. Relative to the vector component 94. an unmodulated are preferably orthogonal. 

signal at the end 56 of the waveguide 42 will combine with Another modulator embodiment 120 is shown in FIG. 4. 

a phase modulated signal at the end 58 of the waveguide arm SM fibers 122 and 124 can be respectivdy coupled to an 

44 and form a second intensity modulated signal. The first input port 126 and an output port 127 of the modulator 120. 

and second intensity modulated signals combine as an go The modulator embodiment 120 is configured to accept an 

output signal 29 which has been intensity modulated in optical signal 128 at its input port 126 and deliver an 
accordance with a electro-optic coefficient r. In a feature of intensity modulated optical signal 129 at its output port 127 

the invention, this operation will occur regardless of the whose modulation depth is insensitive to the polarization 

orientation of the polarization 28A. Le., the intensity modu- orientation at the input port 126. 

lator 20 is polarization insensitive. 65 The modulator 120 has a layered structure which is 

Mathematically, the unpredictable polarization 28 A of the similar to that of the modulator 20. An dectro-optic polymer 

optical field of the signal 28 will have an overlap T|i (dot layer 130 is positioned between an upper polymer cladding 
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layer 132 and a lower polymer cladding layer 134. These la addition, the difference in propagation constants has 

polymer layers are supported by a substrate 136. one value for a first vector component of the polarizaUon of 

The modulator 120 has an optical waveguide system 140 the input signal 128 which is parallel with the substrate 136 

which is formed with processes similar to those of (he (it. , oriented similar to the direction arrow 82 of FIG. 2) and 

modulator 20. However, the waveguide system 140 includes 5 a different value for a second vector component of the input 

an upper Mach-Zehnder intensity modulator structure 142 signal 128 that is parallel to the substrate 136 (i.e.. oriented 

and a lower Mach-Zehnder intensity modulator structure similar to the direction arrow 84 of FIG. 2). Accordingly, it 

144. The upper modulator structure 142 has arms 145 and is possible to select the length 184 so that the first vector 

146 which are both poled to have an electro-optic coefficient component is in the upper half of the waveguide 180 and the 

r in a plane which is orthogonal to the substrate 136, Le., a second vector component is in the lower half of the 

plane oriented similar to the direction arrow 82 of FIG. 2. In waveguide 180 for signal energies positioned at the end of 

contrast, the lower modulator structure 144 has arms 147 the waveguide 180 that is coupled to the waveguides 153 

and 148 which are both poled to have an electro-orrtic and 154. 

coefficient r in a plane which is parallel to the substrate 136. Thus, in operation of the modulator 120. the polarization 

1. e.. a plane oriented sirnilar to the direction arrow 84 of FIG. of the signal energy that is coupled to the Mach-Zehnder 

2, 15 modulator 142 will align with the plane of the electro-optic 
The waveguide system 140 also includes a mode splitter coefficient and the modulating electric field in both arms 145 

150 and a mode combiner 152. The upper modulator struc- and 146 (i.e.. a plane oriented similar to the direction arrow 

ture 142 and the lower modulator structure 144 are respec- 82 of FIG. 2). As a result, an intensity modulated signal is 

dvely coupled to the mode splitter 150 with waveguides 153 coupled into the waveguide 155. In a sirnilar process, the 

and 154. They are respectively coupled to the mode com- 20 polarization of the signal energy that is coupled to the 

biner 152 with waveguides 155 and 156. The mode sputter Mach-Zehnder modulator 144 will align with the plane of 

150 includes a waveguide 158 which couples it to the input the electro-optic coefficient and the modulating electric field 

port 126 and the mode combiner 152 includes a waveguide in both arms 147 and 148 (Le., a plane oriented similar to the 

159 which couples it to the output port 127. direction arrow 84 of FIG. 2). As a result, an intensity 

An electric-field generation system 160 has metallic ciec- 25 modulated signal is coupled into the waveguide 157. 

trades 164, 166 and 168 which are positioned in a relation- Because the mode combiner 152 is the structural comple- 

ship with the waveguide arms 145 and 146 mat is similar to mcnt of the mode splitter 150, the modulated signals of the 

the relationship between the electrodes 64 and 66 and the waveguides 155 and 157 are combined into the output signal 

arm 42 of the modulator 20. That is. a relationship which 129 which will have the same fundamental propagation 

generates an electric field in both arms 145 and 146 that is 30 mode as the input signal 128. In a feature of the invention, 

orthogonal to the substrate 136. i.e.. a field oriented similar the modulation depth of this operation is insensitive to the 

to the direction arrow 82 of FIG. 2. orientation of the polarization of the input signal 128. It is 

The dedric-field generation system 160 also has metallic only necessary that (similar to the modulator 20 of FIGS. 1 

electrodes 174. 176 and 178 which are positioned in a and 2) the structure and parameters (eg., electro-optic 

relationship with the waveguide arras 147 and 148 mat is 35 coefficients, electric field strengths, and waveguide lengths 

similar to the relationship between the electrodes 66 and 68 of poled active molecules) of the Mach-Zehnder modulators 

and the arm 44 of the modulator 20. That is. a relationship 142 and 144 be selected to have substantially the same 

which generates an electric field in both arms 147 and 148 switching voltage 

mat is parallel to the substrate 136. Le.. a field oriented Although the modulator 120 of FIG. 3 is somewhat more 

similar to the direction arrow 84 of FIG. 2. The system 160 40 complex than the modulator 20 of FIGS. 1 and 2, it has a 

is energized by a voltage generator 170 having a modulating higher modulation sensitivity because phase modulations of 

voltage of V m . opposite sign are produced (a "push-pull* process) in the 

For clarity m of illustration, portions of the upper cladding arms 145 and 146 of the modulator 142 (and in the arms 147 

layer 132, the electro-optic polymer layer 130 and the lower and 148 of the modulator 144). In contrast, phase modula- 

dadding layer 134 are removed in FIG. 3 to better illustrate 45 tion is only produced in one of the arms 42 and 44 in the 

the electric-field generation system 16*. The positions of modulator 20 for each polarization component 

members of the waveguide system 140 in the removed Fabrication steps of the modulator 20 of FIGS. 1 and 2 (or 

portions are indicated by phantom lines. the modulator 120 of FIG. 4) include the selection of an 

The mode splitter 150 is a conventional structure (e.g., see electro-optic polymer for the electro-optic layer 30. Such 

Yap. D. et aL, "Passive TiLiNb03 channel waveguide 50 polymers typically contain electro-optic chromophobes car- 

TE-mmodesputte^i^^ ried in physical association with polymer materials, e.g.. 

6, Mar. 15. 1984, pp. 583-585) which includes a waveguide polyimides or acrylates. Generally, the chromophores are 

section 180 having a width 182 and a length 184. The width mixed with the polymer or are attached to the polymer as 

182 is selected to support two propagation modes of the side chains. Although the electro-optic coefficients of such 

input signal 128. Preferably, these are the lowest two pxopa- 55 polymers is typically lower than those of electro-optical 

gation modes of the input signal 128 which have symmetric crystals, the trend of recent polymer developments has been 

and antisymmetric intensity distributions across the to decrease the difference. 

waveguide 180. For example, if the signal 128 has a fun- The substrate 36 can be of various conventional insulating 

damentalTE 10 mode, the waveguide widm 182 is selected to materials, e.g.. silicon or quartz. The cladding layer 34 

support the TE LO and TE^ modes. Because these modes 60 serves primarily to space the waveguide arms 42 and 44 

propagate along the waveguide 180 with different propaga- sufficiently from the electrodes that electromagnetic energy 

tion constants, their symmetric and antisymmetric intensity is not excessively coupled out of the arms 42 and 44. The 

distributions across the waveguide 180 sometimes combine cladding layer 32 serves primarily to protect and seal the 
to concentrate the electromagnetic energy in the upper half modulator. The material of the cladding layers can be of a 

of the waveguide 180 and sometimes in the lower half of the 65 variety of polymers such as polyimides or acrylates. The 

waveguide 180. This concentration is periodic as the energy layers 30, 32 and 34 can be applied by conventional 

moves along the length 184. processes. e.g.. spinning. 
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The electrodes 64. 66 and 68 can be deposited, e.g., by 
evaporation or sputtering, onto the substrate with various 
metals. e.g. ( aluminum, copper or gold. The electric-field 
generation system 60 can include a variety of electrode 
embodiments. For example, the electrodes 64. 66 and 68 of 
FIGS. 1 and 2 can be positioned on top of the upper cladding 
layer 32. In another embodiment, the temporary electrode 
186 of FIG. 5 is substituted for the electrode 64 to apply 
(with the electrode 66) a modulating voltage to the 
waveguide arm 42. 

In an exemplary photobleaching process for forming the 
waveguide system 4#. a planar layer of electro-optic mate- 
rial is deposited. The layer is then exposed to ultravilet light 
through a mask such mat only the wall regions are exposed 
and thus bleached. The refractive index of the exposed wall 
material is reduced by the bleaching which produces higer 
refractive-index core regions and lower refractive-index 
wall regions. 

In an exemplary etching process for forming the 
waveguide system 4#. a planar layer of electro-optic mate- 
rial is masked and selectively etched away such that only the 
core regions remain. A second layer of cladding material 
which has a lower refractive index than the core is deposited 
to fill the the etching voids. This second layer can be (but 
need not be) of the same material as the upper cladding 
layer, e.g., the layer 32 in FIG. 2. 

In FIG. 1, the wall region of each waveguide is indicated 
by the waveguide edges, eg., the broken lines 42W of the 
waveguide arm 42. and the core region is the area within the 
waveguide edges, e.g.. the area 42C within the broken lines 
42W of the waveguide arm 42. 

Thus, although both the core and wall regions of the 
waveguide system 40 may be comprised of dectro-optic 
polymers, modulator embodiments can be formed with only 
the core regions farmed of an electro-optic polymer. Modu- 
lator embodiments may also form the ends 50.52. 56 and 58 
of the waveguide arms 42 and 44 and the input and output 
waveguides 46 from conventional polymers rather than 
electro-optic polymers. 
The poling voltage for setting the orientation and strength 



to 



15 



20 



25 



30 



35 



direction which is different from said first direction, 
said first electro-optic polymer waveguide having input 
and output ends; 
said input ends of said first and second electro-optic 
polymer waveguides coupled together to form an input 
port; 

said output ends of said first and second electro-optic 
polymer waveguides coupled together to form an out- 
put port; and 

an electric-field generation system which includes first, 
second and third coplanar electrodes, said first and 
second coplanar electrodes arranged to receive said 
modulating voltage and generate a first electric field 
across said first electro-optic polymer waveguide 
which is substantially parallel with said first direction 
and said second and third coplanar electrodes arranged 
to receive said modulating voltage and generate a 
second electric field across said second electro-optic 
polymer waveguide which is substantially parallel with 
said second direction; 

said optical signal modulated by said modulating voltage 
when said modulating voltage is applied to said 
electric-field generation system and said optical signal 
is received into said input port and transmitted to said 
output port. 

2. The polarization-insensitive modulator of claim 1 
wherein said first and second directions are substantially 
orthogonal. 

3. The polarization-insensitive modulator of claim 1 
wherein said first and second electro-optic polymer 
waveguides each include; 

an electro-optic polymer core having a core refractive 
index; and 

a polymer wall adjoining said core and having a wall 
refractive index which is less than said core refractive 
index. 

4. The polarization-insensitive modulator of claim 3 
wherein said dectro-optic polymer core includes a plurality 



of the 4eJi<vfecosmcitnts of the waveguide arms 42 40 of electro-optic chromophores carried in physical assocta 
and 44 may conveniently be performed prior to deposition of tion with a polymer. 

the cUdding layer 32. In the wse of the waveguide arm 44, 5. The polarization-insensitive modulator of claim 1 fur- 
the poling field may be established by a voltage across the ther including an dectro-optic polymer member which is 
decVodes 66 and 68. In the case of the waveguide arm 42, configured to include said first dectro-optic polymer 
the poling field may be established by a voltage across the 45 waveguide and said second electro-optic polymer 



electrode 62 and a temporary electrode 186 which is depos- 
ited over the electro-optic polymer layer 3# as shown in FIG. 
5. After the poling of the waveguide arms 42 and 44 has been 
completed, the temporary electrode 174 can be removed and 
the dadding layer 32 of FIGS. 1 and 2 applied. 

While several illustrative embodiments of the invention 
have been shown and described, numerous variations and 
alternate embodiments will occur to those skilled in the art 
Such variations and alternate embodiments are 
contemplated, and can be made without departing from the 
spirit and scope of the invention as defined in the appended 
claims. 

We claim: 

1. A polarization-insensitive modulator for intensity 
modulation of an optical signal with a modulating voltage* 
comprising: 

a first electro-optic polymer waveguide having active 
molecules that are at least partially ordered in a first 
direction, said first electro-optic polymer waveguide 
having input and output ends; 

a second electro-optic polymer waveguide having active 
molecules mat are at least partially ordered in a second 



50 



55 



60 



65 



waveguide. 

6. The polarization-insensitive modulator of claim 1 
wherein said second dectrode is positioned adjacent to said 
first electro-optic polymer waveguide, said first electrode is 
spaced from said second electrode and said second and third 
electrodes are each spaced from said second eicctro-opite 
polymer waveguide. 

7. A polarization-insensitive modulator for intensity 
modulation of an optical signal with a modulating voltage, 
comprising: 

a Mach-Zehnder intensity modulator having an input port 
an output port and first and second arms coupled 
between said input and output ports, said first arm 
including a first dectro-optic polymer waveguide hav- 
ing active molecules which are at least partially ordered 
in a first direction and said second arm including a 
second dectro-optic polymer waveguide having active 
molecules which are at least partially ordered in a 
second direction which is different from said first 
direction; and 

an electric-fidd generation system which includes first 
second and third coplanar electrodes, said first and 
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second coplanar electrodes arranged to receive said 
modulating voltage and generate a first electric field 
across said first electro-optic polymer waveguide 
which is substantially parallel with said first direction 
and said second and third coplanar electrodes arranged 
to receive said modulating voltage and generate a 
second electric field across said second electro-optic 
polymer waveguide which is substantially parallel with 
said second direction; 
said optical signal modulated by said modulating voltage 
when said modulating voltage is applied to said 
electric-field generation system and said optical signal 
is received into said input port and transmitted to said 
output port. 

8. The polarization-insensitive modulator of claim 7 
wherein said first and second directions are substantially 
orthogonal. 

9. The polarization-insensitive modulator of claim 7 
wherein said first and second electro-optic polymer 
waveguides each include; 

an electro-optic polymer core having a core refractive 
index; and 

a polymer wall adjoining said core and having a wall 
refractive index which is less than said core refractive 
index. 

10. The polarization-insensitive modulator of claim 9 
wherein said electro-optic polymer core includes a plurality 
of electro-optic chromophobes carried in physical associa- 
tion with a polymer. 

11. The polarization-insensitive modulator of claim 7 
further including an electro-optic polymer member which is 
configured to include said first electro-optic polymer 
waveguide and said second electro-optic polymer 
waveguide. 

12. The polarization-insensitive modulator of claim 7 
wherein said second electrode is positioned adjacent to said 
first electro-optic polymer waveguide, said first electrode is 
spaced from said second electrode and said second and third 
electrodes arc each spaced from said second dectro-optic 
polymer waveguide. 

13. A polarization-insensitive modulator far intensity 
modulation of an optical signal with a modulating voltage* 
comprising: 

a first Mach-Zehnder intensity modulator having an input 
port, an output port and first and second electro-optic 
polymer waveguide arms coupled between said input 
and output ports, each of said arms having active 
molecules which are at least partially ordered in a first 
direction; 

a second Mach-Zelinaei intensity modulator having an 
input port, an output port and first and second electro- 
optic polymer waveguide arms coupled between said 
input and output ports, each of said arms having active 
molecules which are at least partially ordered in a 
second direction which is different from said first 
direction; 

a mode splitter configured to receive said optical signal 
and generate first and second optical signals having 
polarizations substantially parallel respectively with 
said first and second directions, said mode splitter 
arranged to couple said first optical signal to said input 
port of said first Mach-Zehnder intensity modulator and 
to couple said second optical signal to said input port of 
said second Mach-Zehnder intensity modulator; 

a mode combiner configured to receive first and second 
modulated optical signals with polarizations substan- 
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tially parallel respectively with said first and second 
directions from the output ports of said first and second 
Mach-Zehnder modulators and further configured to 
generate a modulated output signal which is the vector 
5 sum of said first and second modulated optical signals; 
and 

an electric-field generation system arranged to receive 
said modulating voltage and generate a first electric 
field across said first and second electro-optic polymer 

10 waveguides of said first Mach-Zehnder intensity modu- 
lator which is substantially parallel with said first 
direction and generate a second electric field across 
said first and second electro-optic polymer waveguides 
of said second Mach-Zehnder intensity modulator 

13 which is substantially parallel with said second direc- 
tion; 

said optical signal modulated by said modulating voltage 
when said modulating voltage is applied to said 
electric-field generation system and said optical signal 
20 is received by said mode splitter and transmitted to said 
mode combiner. 
14. The polarization-insensitive modulator of claim 13 
wherein said first and second directions are substantially 
orthogonal. 

23 15. The polarization-insensitive modulator of claim 13 
wherein the first and second polymer, optical waveguides of 
said first and second Mach-Zehnder intensity modulators 
each include; 

^ an electro-optic polymer core having a core refractive 
Index; and 

a polymer wall adjoining said core and having a wall 
refractive index which is less than said core refractive 
index, 

3 5 16. The polarization-insensitive modulator of claim 15 
wherein said dectro-optic polymer core includes a plurality 
of electro-optic chromophobes carried in physical associa- 
tion with a polymer. 

17. The polarization-insensitive modulator of claim 13 
40 wherein said mode splitter includes: 

a waveguide having an input for reception of said optical 
signal and first and second outputs, said waveguide 
configured to receive a fundamental electromagnetic 
mode at said input and to generate, in response, sym- 

45 metric and antisymmetric electromagnetic modes 
which combine to periodically concentrate different 
polarization energies in different portions of said 
waveguide, said waveguide having a length selected to 
guide different ones of said polarization energies into 

50 different ones of said first and second outputs. 

18. The polarization-insensitive modulator of claim 13 
wherein said electric-field generation system includes first 
second and third coplanar electrodes which are positioned to 
generate said first electric field when said modulating signal 

55 is connected across said first and second electrodes and 
across said second and third electrodes, said electric-field 
generation system also including fourth, fifth and sixth 
coplanar dectrodes which are positioned to generate said 
second electric field when said modulating signal is con- 

6o nected across said fourth and fifth dectrodes and across said 
fifth and sixth electrodes. 

19. The polarization-insensitive modulator of claim 18 
wherein: 

said second dectrode is positioned adjacent to said first 
65 dectro-optic polymer waveguide of said first Mach- 
Zehnder intensity modulator, said first electrode is 
spaced from said second dectrode and said second and 
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third electrodes are each spaced from said second 
electro-optic polymer waveguide of said first Mach- 
Zehnder intensity modulator; and 
said fifth electrode is positioned adjacent to said first 
electro-optic polymer waveguide of said second Mach- 3 
Zehnder intensity modulator, said fourth electrode is 



14 

spaced from said fifth electrode and said fifth and sixth 
electrodes are each spaced from said second electro- 
optic polymer waveguide of said first Mach-Zehnder 
intensity modulator. 

***** 
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ABSTRACT 



Ad electro optical circuit for transmitting an information 
bearing signal, such as a signal in the RE AF or microwave 
frequency domains, to a predetermined location includes a 
laser for generating coherent light to be used as a carrier, and 
an electro optical modulator for receiving the information 
signal and the coherent light and generating first and second 
modulated light signals which respectively comprise die 
coherent light modulated by the information signal and the 
coherent light modulated by the inversion of the information 
signal. The first and second modulated light signals are 
supplied to a detector at the predetermined location through 
separate optical paths. The detector converts the first modu- 
lated light signal into a first DC component representing the 
laser-generated coherent light, and into a first information 
component representing the information signal, and converts 
the second modulated Light signal into a second DC com- 
ponent which also represents the laser-generated coherent 
light, and into a second information component representing 
the inversion of the information signal and which is thus in 
an anti-phase relationship with the first information compo- 
nent. The detector combines the first and second DC current 
components so that they mutually nullify each another. 

14 Claims, 3 Drawing Sheets 
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ELECTRO-OPTICAL CIRCUIT FOR SIGNAL mation signal, and the coherent light beam modulated by the 

TRANSMISSION inversion of the information signal. Thus the modulating 

signals for the first and second modulated light signals are in 

BACKGROUND OF THE INVENTION anti-phase relationship with respect to one another. The 

This invention relates to improved electrical circuits 5 ** h f inch, *« J^^^S 

for transmitting an RF or other high frequency signal to • mined location for converting the first roodukted light s^al 

, , = j , v . 7 .. into two electric current components respectively compns- 

specifled location, and more particularly, to such circuit ^J^r"; . /T ^T" 3 ™^.o^~*T„ ,„ 

Sn the high frequency siSmoduLes light from a ^^^^V^Z^tX 

^^^^TSSSSSiZ » «■*— -7r nding tothe Mm T 0D ? 

,™r * , T , "r;Tr^ M >*Jii* detector means further comprises means for converting the 

analog form, through an optical path to the specified loca- uk^** .......... _ ^ ^. ~° 

. 6 ^ ^ K 1 second modulated light signal into two electric current 

tIOD * components, respectively comprising a second DC compo- 
High performance analog optical links, e.g., transmission neDt comspondiag to the coherent light beam, and a second 
paths using CW User Ught, have been demonstrated using 15 mfonnatioil bearing component corresponding to the infor- 
audio frequency (AF), radio frequency (RF) and microwave matjoD signal ^ inverted from the first information bear- 
frequency modulation, and have been shown to provide . cxjjnponent nc detector means includes means for 
significant signal gain. Generally, in such arrangements, the coining the first and second DC current components to 
coherent light produced by a laser serves as a earner wave j^^y cancel one another, and for combining the first and 
which is intensity modulated by the respective AF, RF or ^ sccond urformation bearing current components to mutually 
microwave signals. Analog optical links of such type, used reinfoicc one another, to provide an output signal which 
in connection with an RF signal, have previously provided comprlses ^ information signal. The invention also 
gain of 11 dB over a frequency range of 40-80 MHz. includes means for establishing respective first and second 
Analog optical transmission of signals can be useful in optical paths, from the modulating means to the detector 
magnetic resonance (MR) systems. In such systems, whether 25 means, for the respective first and second modulated light 
designed for spectroscopy, imaging or other application, an signals. 

RF pulse is transmitted into a subject of interest (e.g., body ^ a preferred embodiment, the means for establishing the 

tissue). In response, the subject emits an RF signal which is ^ and $CCODd optical ^ respectively comprise first and 

detected by an MR receive coil and thereafter transmitted to sccond fibcr ^ cables of lengths having a specified 

a signal processing station, which may be remotely located, 30 relationship with respect to one another. Preferably, the 

for processing to obtain information about the subject difference in length between the first and second optical 

However, detected MR signals are inherently very weak, and . s is Q0 ^ c/ n(B W), where c is toe speed of 

the MR environment typically contains a great deal of light, n is the optical refractive index of the fiber optic cables 

electromagnetic noise. Transmissions through an electrical amJ fiW ^ ^ anticipated fluency range of the informa- 

path may be significantly degraded by such noise, whereas 35 ^ . ^ 

transmissions through an optical path are not affected contemplates a differential method for 

Aereby It would Aerefore be advantageous to transmit ^ or omcr formation bearing signal to a 

detected MR signals from the receive coil to the sujaal by FOV iding a coherent Ught 

processing dectromcstorou^ ** ££. generating first and second modulated light signals 

T^al^ab^ 08 ^ 40 respectively comprising the coherent light beam modulated 

electrical came. by an information signal and by the inversion of the infor- 

In a conventional analog optical link of the type referred matioQ signaL and transmitting the first and second modu- 

to above, a laser is required to provide the coherent light mat ^ ^ . ^ tQ mc predetermined destination through 

constitutes the optical carrier wave. As known to those of ate ctivc tical transmission paths. At the 

skill in the art. the laser introduces amplitude noise, referred 45 o^tination, the first and second modulated Ught signals are 

to as Relative Intensity Noise (RIN). into the analog optical ^uveAed into first and second DC current components, 

link. RIN substantially increases the noise figure, which is a ^ of corresponds to the coherent light beam, a first 

measure, in dB. of the noise present in a signal transmission Mormat ion current component corresponding to the infor- 

path or circuit Generally, it is desirable to keep the noise mation signaL md a ^amd information current component 

figure as low as possible. While there are several contribu- 50 corresponding to the inversion of the information signal. The 

tors to noise in such analog optical link, e.g., lasa* and to ^ ^ cyrrem r , onK>OK ents are combined to 

modulator impedance thermal noise, shot noise and detector mutually cach other, or the effects thereof, and the 

dark noise, the most significant contributor to noise figure is &st afld second ^r^on CU rrent components are com- 

the RIN of the laser. For example, in one comparison it was ^ tQ ^ information signal, 

found that RIN noise voltage was on the order of twenty 55 ^ . . Sj , A 1 

times the noise voltage du7to source impedance. f^^^^^^v^^^^^V^ 

6 r noise optical transmission path for information signals at RF 

SUMMARY OF THE INVENTION and other frequencies. 
Briefly, in accordance with a preferred embodiment of the Another object is to provide a path for RF signal trans- 
invention, an electro-optical circuit for transmitting a signal, 60 «^on between the receive coil and signal processing 
such as an RF, AF or microwave signal, to a predetermined electronics of an MR system, in which undesirable effects of 
location includes a laser for generating a coherent light noise originating in an associated laser light source are 
beam, and electro-optical modulating means which receives significantly reduced 

both the coherent light beam and an Information signal, such BRIEF DESCRIPTION OF THE DRAWINGS 

as an RF frequency signal. The modulating means generates 65 

first and second modulated light signals, which respectively The features of the Invention believed to be novel are set 

comprise the coherent light beam modulated by the infor- forth in the appended claims. The invention, however. 
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together with further objects and advantages thereof, may As the RF input signal varies, voltage V„. establishes an 

best be understood by reference to the following description electric field m t between electrodes 36 and 34 which thus 

taken in conjunction with the accompanying drawing(s). varies with the RF input signal. The index of refraction of 

FIG. 1 is a block diagram of one embodiment of the optical waveguide 31 positioned between electrodes 36 .and 

electrical circuit offte invention; 5 34. and therefore the velocity of the portion of Infonnation- 

FIoT is » simplified cross-sectional diagram, of an ***** «f beamL e directed toerelhrou^varies 

. T j , y^T. uw«.»ui« rr 6 *—- * iD corresponding relationship with amplitude of electric field 

^iZ^T&fi My **** m, TnuHe RF input signal effectively amplitude modu- 

"of waveform diagrams illusive of — ** coh^tUght beam to produce a light signal L 

* , ^ L . velocity of the portion of infonnatioD-bcaring coherent light 

FIG. 4 is a schematic diagram of a detector that may be ^ diJEta through, varies in correspond 

employed in the electro-optical circuit of FIG. 1; and rc]&tio nkn with amplitude of an electric field m, estab- 

FIG. 5 is a graph illustrating results obtained by operating 15 ^ voltagc Y|ZF . to provide an arnplitude modulated 

the electro-optical circuit shown in FIG. 1, ^ sigMl ^ Thus the RF input Signal effectively 

DETAILED DESCRIPTION OF THE amplitude modulates the coherent light beam to produce a 

PREFERRED EMBODIMENT light signal L m2 . However, because of the geometric rda- 

... . . . ^ _ tionship between waveguide 32 and electrodes 34 and 38, 

nG.lflustratts an electrical ci^ M te fldd n, u the inverse of modulating 
an analog optical link or system 10, generally compns^g a fidd * d ofthcRF input signal, with 
CW laser as a coherent Ught source 12 ^ectr^opUc cohcrcnt Ugnt beam W Thus, the modulating 
modulator 14. and an optical detector 16 Optical link 10 ^ * ^ Qf ^ ^g^fe. but 
functions to transmit an information signal, such as a signal j^^^^ therefew in anti-phase relationship 
at an AF, RF or microwave frequency, from rnodulato 14 to H JXLchoftcr The modulation components of theirrespec- 
^ctc 16 The information signal is supplied to modulator corrcspoBding frequency modulated light signals. L Ml 
14 through a modulator input terminal 18. and is coupled ° ^.phase relationship with each 
from detector 16 through a detector output terminal 20. As thtr 
described hereinafter in greater detail, modulator 14 gener- 0 

ates modulated light signals L ml and Lm2 which are supplied FIG. 2 further shows outtput waveguides 30 and 32 
todetectorl* th^gh fiber-optic cabte 22 and 24. respec- 30 Portioned between, pan of electrodes 40 and 4Z and 

lively. A coherent light beam from a CW laser 12 is coming close tc^ therebe^ The proxmuty of 

transmitted to modulZ 14 through a fiber-optic cable 26. waveguides 30 and32brtween electrodes 40 and«^ 

and serves as the optical carrier signal. in cross-coupling of light signals and L^. Light from 

ana serves as mc^uma^. ,. . , n _ . either waveguide cross-coupled into the other constructively 
In one useful appkeation. optical Mll^te 3 5 or ^^dy interferes with the Ught in the other 

employed in an MR system. In mat insance. m^t teraanal y the intensity of lighrernanating from 

18 receives an infe^dec-beanng RF sxgnal from the 3, a ^ 32 . ™J of between 

receive cod of the MR system (net shown) and outou Wiy ^ s » and 32 is controUed by an electric fidd 

terming 20 is connected to remotely-located MR signal * a J^ ^ clcctrodcs 4* and 42 by a DC voltage 

processing electronics. For purposes of Ulustratton the «, \WtageVfca__ is selected to maintain tfke ratio oftfght 

inf^ormation-bearing signal received b ^P* * frSm eTci of sucTwaveguides at 50*. so that modulated 

W ^ L.,and lT- of e^ua, optical power and 

speed local area network. 45 ^ waveguidc 32 into fiber-optic cable 24. 

FIG. 2 shows an electro-optic modulating device which " * m , . . . , „ . . 

may be usefully emplcyedVmodulator 14. and is conven- & FIG. 3. waveform 3a represents a sinusoidalRF sujnal 

tionally knowi a7a Mach-Zehnder interferometer. The over a time pericdT for purposes of nUustrauoo^W.vefo™ 

particular Mach-Zehnder interferometer shown in FIG. 2 is 3* represents the coherent light L c provided by laser 12 

aT^L^onar^upler. as described, for example, by x (F» D which is of constant magnitude or intensity, and 

Howerton. Bulmer and Burns in 'linear 1x2 Dtectiond serves as the optical earner for modulating signals produced 

CcTpto for Electromagnetic Field Detection". AppL fhys. I* <a«*fc »*?r WfiV «2*?» 3c a>d « 

» (22) 30 Mayl988. pp. 1850-1852. the anti-phase relationship, as stated above, between electnc 

Modulating device 14 includes an input optical field$ m » and , , 

waveguide 28 coupled to receive a coherent light beam L e 55 Waveform 3e represents modulated light signal 1^, 

from laser 12 through fiber-optic cable 26. Waveguide 28 is which is made up of coherent light beam L, amplitude 

optically coupled to output optical waveguides 30 and 32. modulated by electric field m,, which, in tarn, corresponds 

which are symmetrical to one another so that 50% of the to the RF input signal to modulator 14 (FIG. 1). Waveform 

light traversing input waveguide 28 passes into each respec- 3/ represents modulated Ught signal L mJ made up of coher- 

Irve one of c^tpui waveguides 30 and 32. «o «t Ught beam L e amplitude modulated by electee field m* 

Also shown in FIG. 2 are an electrode 34 positioned which corresponds in magnitude to the RF input signal at 

berweea output waveguides 30 and 32. and electrodes 36 any time, but is always of opposite polarity to the RF input 

and 38 respectively positioned along the sides of signal. 

waveguides 30 and 32 in opposing relaUonship with elec- FIG. 4 illustrates apparatus which may be employed as 

trodc 34. Electrode 34 is coupled to ground, and RF signals 65 detector 16. A pair of photodiodes 44 and 46. each usefully 

from input tenriinal 18 are supplied as a voltage to both comprising a PIN diode, are connected in series-aiding 

electrodes 36 and 38. fashion through a node N. Node N is also coupled to the 
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negative input terminal of an operational amplifier 52. and 
a feedback resistor 56 is coupled between the negative input 
terminal and the output terminal of amplifier 52. The cath- 
ode of photodiode 44 is coupled to a positive biasing voltage 
V*. and the anode of photodiode 46 is coupled to a negative 
biasing voltage -V^. so that photodiodes 44 and 46 are both 
reverse-biased. 

Fiber-optic cable 22 directs modulated light signal L Nll 
onto photodiode 44 and fiber-optic cable 24 directs modu- 
lated light signal L m2 onto photodiode 46. In response to 
modulated light signal L mi . photodiode 44 generates an 
electric current l t 4i mJ . Current I 4 is a DC photoourrent 
representing the coherent light L c from laser 12 (FIG. 1) and 
current i ml represents the modulating electric field m t and 
therefore the RF input signal to the circuit of FIG. 1. In 
response to modulated light signal photodiode 46 
generates an electric current l2+i m2 . Current I 2 is a DC 
photoourrent representing the coherent light L c from laser 12 
(FIG. 1), and current i^ represents the modulating electric 
field ra^ Thus I^Ij, and ^^2- 

Since photodiode 44 is reverse-biased, the DC photo- 
current Ij is directed from voltage source and toward 
node N. In like manner, since photodiode 46 is also reverse- 
biased* DC photocurrent I 2 is directed toward voltage source 
-V g and away from node N. Since currents I x and I 2 are 
equal* no DC component of those currents can pass from 
node N to amplifier 52. The effects of photocurrents I t and 
I a are thus mutually nullified, preventing any signal com- 
ponent representing light beam L c and thus any RIN noise 
from laser 12 (FIG. 1). from being introduced into amplifier 
52. At the same time, current of value 21^ flows from node 
N to the negative input of amplifier 52, thus limiting the 
input current to amplifier 52 to a value representing twice the 
electric field voltage m r The input current to amplifier 52, 
with appropriate amplifier gain, results in an RF signal 
which matches the RF input signal supplied to the apparatus 
shown in FIG. 2. 

It will be readily apparent that the phase relationship 
between modulated light signals L ml and L^ 2 is very 
important, particularly to ensure mutual cancellation, at me 
input of amplifier 52, of DC photocurrents I 4 and I a repre- 
senting the light from the laser source. This mutual cancel- 
lation is achieved by providing lengths for optic cables 22 
and 24 such that the difference D between the lengths of the 
optical paths respectively traversed by modulated light sig- 
nals L ml and is much less than c/n(BW), BW being the 
required bandwidth of the RF or other information signal 
over which RIN cancellation is desired. For RF applications 
where BW is on the order of 100 MHz, D must be in the 
range of 0.2-0.3 meters or less to realize full benefit of RIN 
fiioisfc cancellation; however, evsa if path lextgih difference D 
exceeds such limitation, source RIN noise will still be 
partially canceled. 

It will also be apparent that optical power can be sub- 
stantially increased, without an increase in RIN. as long as 
a balance is maintained between the optical intensities of the 
light signals in the optical paths respectively provided 
through fiber-optic cables 22 and 24. 

FIG. 5 is a plot of data obtained using analog optical link «> 
10 shown in FIG. 1. In particular. FIG. 5 illustrates RF gain 
versus RF frequency for Link 10. and also Noise Figure 
versus RF frequency. A significant increase in gain, accom- 
panied by a corresponding reduction in Noise Figure can be 
seen over a frequency range of approximately 50-65 MHz. 65 

While only certain preferred features of the invention 
have been illustrated and described herein, many modifica- 
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tions and changes will occur to those skilled in the art. It is, 
therefore, to be understood that the appended claims are 
intended to cover all such modifications and changes as fall 
within the true spirit of the invention. 
What is claimed is: 

1. An electro-optical circuit for transmitting an informa- 
tion signal to a predetermined location, comprising: 

a laser for generating a coherent light beam; 

modulating means for receiving said coherent light beam 
and said information signal for generating first and 
second modulated light signals by modulating said 
coherent light beam with said information signal and an 
inversion of said information signal; 

detector means at said predetermined location for con- 
verting said first modulated light signal into electric 
current components comprising a first DC current com- 
ponent corresponding to said coherent light beam and 
a first information current component corresponding to 
said information signal, and for converting said second 
modulated light signal into electric current components 
comprising a second DC current component corre- 
sponding to said coherent light beam and a second 
information current component corresponding to the 
inversion of said Information signal; 

said detector means further comprising conductor means 
for cornbining said first and second DC current com- 
ponents to mutually nullify effects thereof, and for 
cornbining said first and second information current 
components to mutually reinforce one another to pro- 
vide an output signal representing said information 
signal; and 

means for establishing respective first and second optical 
transmission paths for said first and second modulated 
light signals between said modulating means and said 
detector means. 

2. The circuit of claim 1 wherein said first and second 
optical transmission paths have a specified length relation- 
ship with each other. 

3. The circuit of claim 1 wherein lengths of said first and 
second optical transmission paths differ from each other by 
less than a specified maximum value. 

4. The circuit of claim 3 wherein said first and second 
optical transmission paths respectively comprise fiber optic 
cables of a predetermined optical refractive index. 

5. The circuit of claim 4 wherein said information signal 
is of a predetermined bandwidth, and wherein the specified 
maximum value is determined by dividing the speed of light 
by a quantity comprising said optical refractive index mul- 
tiplied by said bandwidth. 

6. The circuit of claim 3 wherein said specified maximum 
value is 0.3 meters for an information sigaaJ bandwidth on 
the order of 100 MHz. 

7. An electro optical circuit for transmitting an informa- 
tion signal to a predetermined location comprising: 

a laser for generating a coherent light beam; 

modulating means for receiving said coherent light beam 
and said information signal for generating first and 
second modulated light signals by modulating said 
coherent light beam with said information signal and an 
inversion of said information signal; 

first and second optical transmission paths for respec- 
tively coupling said first and second modulated light 
signals from said modulating means to said predeter- 
mined location; and 

first and second series-coupled photodiodes at said pre- 
determined location for respectively receiving said first 
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and second modulated light signals and being respon- 
sive thereto to respectively generate first and second 
DC pfaotocurxcnts. each of said photocurrents corre- 
sponding to said coherent light beam, and first and 
second information current components, said first and s 
second DC currents being combinable to mutually 
nullify effects of said DC current components, and said 
first and second information current components being 
combinable to provide an output signal representing 
said information signal. 10 

8. The circuit of claim 7 including amplifier means 
coupled to said first and second pbotodtodes for amplifying 
a summation of said first and second information current 
components to provide said output signal. 

9. The circuit of claim 7 wherein said first and second is 
optical transmission paths have a specified length relation- 
ship with each other. 

10. The circuit of claim 9 wherein said information signal 
is of a predetermined bandwidth, said first and second 
optical transmission paths respectively comprise fiber optic 20 
cables having a predetermined optical refractive index and 
wherein the specified lengths of said first and second optical 
transmission paths differ from each other by less than a 
jnaiimum value determined by dividing the speed of light 
by a quantity comprising said optical refractive index mul- 23 
tiplied by said bandwidth of said information signal. 

11. The circuit of claim 1 wherein said modulating means 
comprises a Mach-Zehnder interferometer. 

12. A method for transmitting an information signal to a 
remote location, said method cornprising the steps of: 30 

providing a source of coherent light; 
generating first and second modulated light signals 
respectively comprising said coherent light modulated 



8 

by said information signal and said coherent light 
modulated by an inversion of said information signal; 

transmitting said first and second modulated light signals, 
respectively, to said remote location through first and 
second optical transmission paths, respectively; 

at said remote location, converting said transmitted first 
and second modulated light signals into first and second 
DC current components I x . I 3 which both correspond to 
said coherent light produced by said source, a first 
information current component corresponding to said 
information signal, and a second information current 
component corresponding to the inversion of said infor- 
mation signal; and 

combining said first and second DC current components 
to mutually nullify effects thereof, and combining said 
first and second information current components to 
provide said iriformation signal. 

13. The method of claim 12 wherein said first and second 
optical transmission paths have a specified length relation- 
ship with each other. 

14. The method of claim 13 wherein said information 
signal is of a predetermined bandwidth, said first and second 
optical transmission paths respectively are of a predeter- 
mined optical refractive index, and wherein the lengths of 
said first and second optical transmission paths differ from 
each other by less than a maximum value determined by 
dividing the speed of light by a quantity comprising said 
optical refractive index multiplied by said bandwidth. 

* * * * * 
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ABSTRACT 



A received system for receiving an input signal from an 
antenna includes a receiving device, and a signal transmit- 
ting system for transmitting the input signal as an optical 
beam signal, the signal transmitting system including a laser 
for irradiating a laser beam; an optical modulator for receiv- 
ing the laser beam and the input signal with an input signal 
intensity and an input amplitude to produce a modulated 
beam having a beam intensity which is varied in response to 
the input amplitude and the input signal intensity; a photo- 
electric converter for converting the modulated beam from 
the optical modulator into an electric signal having a con- 
verted amplitude, the receiving device receiving and pro- 
cessing the electric signal as the input signal; a feedback 
control device for receiving the electric signal to produce a 
feedback control signal; and a laser control device for 
controlling the laser to adjust a beam intensity of the laser 
beam in response to the feedback control signal so that the 
converted amplitude is approximately equal to a constant 
amplitude regardless of variation of the input amplitude. 
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RECEIVING SYSTEM WITH SIGNAL In a modification, the feedback control signal can be taken 

TRANSMITTING SYSTEMS FOR out as the output signal of the system from the feedback 

TRANSMITTING AN INPUT SIGNAL AS A control device. 

MODULATED BEAM WITH AN ADJUSTED According to another aspect of the present invention, a 

BEAM INTENSITY 5 signal transmitting system for transmitting an input signal as 

an optical beam signal, comprises a laser for irradiating a 

This application is a Continuation of application Scr. No. ^ a ° eam i a ^ optical modulator for receiving the laser 

08/380373, filed Jan. 30, 1995, now abandoned. bciun and * c signal with an input signal intensity and 

an input amplitude to produce a first modulated beam having 

BACKGROUND OF THE INVENTION to a first beam intensity which is variedin response to the input 

amplitude and the input signal intensity, the first optical 
The present invention relates to a receiving system of an modulator having a first performance capability; a first 
input signal having a signal transmitting system which optical waveguide connected to the first optical modulator 
receives a laser beam and the input signal with an input for transmitting the first modulated beam as a first optical 
signal intensity and produces a, the modulated beam having 15 beam signal; a second optical modulator connected to the 
a beam intensity which is varied in response to the input first optical waveguide for receiving the first modulated 
signal intensity, the modulated beam being transferred and beam to produce a second modulated beam having a second 
men converted into an electric signal which is applied to a beam intensity, the second optical modulator having a sec- 
receiving device. ond performance capability which is substantially equal to 
In the manner which will later be described more in detail, 20 me ^ performance capability; a second optical waveguide 
a conventional signal transmitting system comprises a laser, connected to the second optical modulator for tr an s mitt i n g 
an optical modulator, and a photoelectric converter. The the second modulated beam as a second optical beam signal; 
optical modulator receives a laser beam from the laser and a photoelectric converter connected to the second optical 
an input signal having an input signal intensity and an input waveguide far converting the second modulated beam into 
amplitude. The optical modulator produces a modulated M 811 electric si S nal having a converted intensity; a feedback 
beam having a beam intensity which is varied in response to control device connected to the photoelectric converter for 
the input signal intensity. The photoelectric converter receiving the electric signal to produce a feedback control 
receives the modulated beam from the optical modulator to 404 deliver the feedback control signal as an output 
convert the modulated beam into an electric signal having a signal for the system; and an optical modulator control 
converted amplitude. A receiving device receives the electric 30 device connected to the feedback control device for con- 
signal from the photoelectric converter and processes it as tolling the second optical modulator in response to the 
the input signal feedback control signal so that the second beam intensity is 

the input signal intensity when the input signal intensity has J™ " . ^T. ]r . 

a variable signal intensity which is varied in an extremely 35 Further, there is provided a receiving system for reception 

large range, the receiving system has a smaU dynamic range, of ™ in Vf signal from an antenna which comprises a 

receiving device and the above-mentioned signal transmit- 

SUMMARY OF THE INVENTION system according to the present invention, the signal 

transmitting system being used for transmitting the input 

It is a general object of the present invention to provide a signal from the antenna to the receiving device. 

signal transmitting system far transmitting an input signal as mmr , r*™^™,^, ^ ™ ^ 

a modulated beam with a beam mteiisity adjusted. BRIEF DESCRIPTION OF THE DRAWING 

It is a specific object of the present invention to provide nG - 1 is a block diagram of a conventional receiving 

a receiving system which has a large dynamic range by use system; 

of the signal transmitting system. 45 ETO- 2 is a block diagram of a receiving system according 

Other objects of this invention will become clear as the t0 a ^ embodiment of this invention; 

description proceeds HG. 3 is a schemauc front view of an optical probe of the 

According to the present invention, a signal transmitting receivm 8 s y stem mustratcd * ma * 

system for transmitting an input signal as an optical beam FlG ' 4 18 a ^P* 1 for use 111 describing operation of the 

signal with a beam signal adjusted, comprises a laser for 50 TC ™™*& system illustrated in FIG. 2; 

inadiating a laser beam; an optical modulator for receiving FiGS. 5(A) to 5(D) arc oiher graphs for use in describing 

the laser beam and the input signal with an input signal operation of the receiving system illustrated in FIG, 2; 

intensity and an input amplitude to produce a modulated FIG. 6 is a block diagram of a receiving system according 

beam having a beam intensity which is varied in response to to a second embodiment of this invention; 

the input amplitude and the input signal intensity; an optical 55 FIG. 7 is a graph for use in describing operation of the 

waveguide for transrnitting the modulated beam as the receiving system illustrated in FIG. 6; 

optical beam signal; a photoelectric converter connected to FIGS. 8(A) to 8(D) are other graphs for use in describing 

the optical waveguide for converting the modulated beam operation of the receiving system illustrated in FIG. 6; 

into an electric signal having a converted amplitude to FIG. 9 is a block diagram of a receiving system according 

produce an output signal of the system; a feedback control 60 to a third embodiment of this invention; and 

device connected to the photoelectric converter for receiving FIGS. 10(A) to 10(E) are graphs for use in describing 

toe electric signal to produce a feedback control signal; and operation of the receiving system illustrated in FIG. 9. 

a laser control device for controlling the laser to adjust a 

beam intensity of the laser beam in response to the feedback DESCRIPTION OF THE PREFERRED 

control signal so that the output signal has a substantially 65 EMBODIMENTS 

constant amplitude regardless of variation of the input Referring to FIG. 1, a conventional receiving system will 

amplitude. be described for a better understanding of this invention. The 
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conventional receiving system comprises a receiving device optical fiber 29. The outgoing optical waveguide 51 is 
27 and a signal transmitting system which comprises a laser connected to the optical fiber 31. Each of the phase-shift 
21, an optical modulator 23, and a photoelectric converter optical waveguides 49 has a variable refractive index vary- 
25. The optical modulator 23 is connected to the laser 21 and ing in response to the variable electric field which is supplied 
the photoelectric converter 25 by optical fibers 29 and 31 5 by the modulation electrodes 53 when the modulation dec- 
The photoelectric converter 25 is connected to the receiving trodes 53 arc supplied with the input signal L Depending 
device 27 by a lead wire 33. upon an intensity of the variable electric field, the variable 

The laser 21 irradiates a laser beam. The optical modu- refractive indices of the phase-shift optical waveguides 49 
lator 23 receives the laser beam from the laser 21 through the are varied. This results in variation of phases of the laser 
optical fiber 29. Also, the optic al modulator 23 receives an 10 beams transmitted through the phase-shift optical 
input signal I through an antenna (not s hown). The topuT waveguides 49. The outgoing optical waveguide 51 joints 
signal is a high frequency signal. The input signal has an the laser beams from the phase-shift optical waveguides 49 
input signal intensity and an input amplitude. The optical to produce and emit the modulated beam, 
modulator 23 modulates the laser beam by the input signal For example, as shown in FIG. 4 at curved lines S 1? S 2 , 
to produce a modulated beam having a beam intensity which 15 and S 3 , a performance capability of the optical modulator 23 
is varied in response to the input amplitude and the input is varied. Also, it will be assumed that the input signal I is 
signal intensity. represented at curved lines A v and A 3 . It will be 

The photoelectric converter 25 receives the modulated assumed that the input signal I is represented at the curved 
beam from the optical modulated 23 through the optical fiber lineAj and the performance capability of the optical modu- 
31 to convert the modulated beam into an electric signal 20 lator 23 is represented at the curved line S v the beam 
having a converted amplitude. The receiving device 27 intensity of the modulated beam from the optical modulator 
receives the electric signal from the photoelectric converter 23 is represented at the curved line B r It will be assumed 
25 through the lead wire 33 and processes it that the input signal I is represented at the curved line A 2 and 

Inasinuchasmebeamintensity is dispersed in response to „ &e Performance capability of me ^ modiila^ ^ is 
the input signal intensity when the input signal intensity has 25 represented at the curved line S 2 , theteam intensity of the 
a variable signal intensity which is varied in an extremely moduhted beam from toe ^ ™^ j® » ^ 
largerange, fee receiving system has a small dynamic range. sented at *e curved lmeB ; . It ^ 

t> <■ - * otic 11 , e t . ^™w^„ „„mi signal I is represented at the curved line A3 and the perfor- 

Reteing to HGS. 2, 3, 4, and 5, the description mwU J£ ^ f fc dcal modulatQr 23 „ rep reVented 
preyed to a receiving system according to a first embodV ^ ^ ^ g rf ^ 

ment of this invention. Similar parts are designated by like ^ ^ ^ £ ^ fa £ nted * me 
reference numerals. ^ 

In FIG. 2, a signal transmitting system used in the „ 3 ' , . . . . . . T . 

receiving system comprises the laseT 21, the optical modu- « w ^ be « su ™. d J^Jl 

lator 23 the photoelectric converter 25, a feedback control „ » its intensity as shown in EIG. 5(A) the feedback 

device 35, and a laser control device 37. The feedback " control signal from the feedback control dewee 35 .s 
control device 35 is connected to the photoelectric converter - HG ; ^)™ c °? ntI f 37 

25 and the laser control device 37 through lead wires 39 and «> ntrols ^ la * a 21 . so ** ^ * ch f"f d ,l ltS 

41. He laser control device 37 is connected to the laser 21 ^tensity ^0. 5(C) In this even^ the beam 

. . . j intensity of the modulated beam from, the optical modulator 

mrougn a icaa mre w 40 23 is adjusted as shown in FIG. 5(D). Accordingly, the 

Tto receiving device 27 receives the electric dgnalfiom ^ £ photoelectric convert* 2Shas an 

itej photoelectric converter 25 through the lead wire 33. "The 6" £ 

t ^£^1S^ 1 ^l^Z^S^ converte^Situde of the electric signalVapproriiLely 
the photoelecrtc converter 25 through the lead «n »lD equal to the constant amplitude regardless of the variation of 
produceafeedr^^ AS ^^^So offoe input signal I. 

signal. The laser control device 37 receives the feedback ^ ^ * ^ 

control signal from the feedback control device 35 through Referring to FIGS. 6, 7, and 8, the description will 
the lead wire 41. The laser control device 37 controls the proceed to a receiving system with a signal transmitting 
laser 21 in response to the feedback control signal to adjust system according to a second embodiment of this invention, 
the laser beam intensity level so that the converted ampli- 5 0 Similar P 3 * 8 m desi « nated ^ ^ reference numerals ' 
tude of the electric signal is approximately equal to a Id FIG. 6, the signal transmitting system comprises the 
constant amplitude rc^ardltcs of TariatS&n ?f the input laser 21, ths optical xodnlatcr 23, the phctoeJenfric ccn- 
amplitude and intensity of the input signal I verter 25, the feedback control device 35, and the laser 

In FIG. 3, the optical modulator 23 comprises a substrate control device 37, like in FIG. 2. The laser control device 37 
45, an incident optical waveguide 47 farmed on the substrate 55 is connected to the feedback control device 35 through a lead 
45, two phase-shift optical waveguides 49 formed on the wire 59. 

substrate 45 to be branched from the incident optical The receiving device 27 is connected not to the photo- 
waveguide 47, an outgoing optical waveguide 51 formed on electric converter 25, but rather, to the feedback control 
the substrate 45 to join the phase-shift optical waveguides device 35 through a lead wire 57 and receives the feedback 
49, and two modulation electrodes 53 formed on or in the 60 control signal from the feedback control device 35. The laser 
vicinity of the phase-shift optical waveguides 49. control device 37 receives the feedback control signal from 

The modulation electrodes 53 are connected to antennas the feedback control device 35. The laser control device 37 
55, respectively. The modulation electrodes 53 are supplied controls the laser 21 in response to the feedback control 
with the input signal I through the antennas 55 to make a signal to adjust the laser beam intensity so that the beam 
variable electric field in response to the input signal I. The 65 intensity of the modulator beam from the optical probe 23 is 
incident optical waveguide is connected to the optical fiber approximately equal to a constant beam intensity regardless 
29 and receives the laser beam from the laser 21 through the of variation of the input amplitude of the input signal L 
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la FIG. 7, it is assumed that the performance capability of 
the optical modulator 23 is varied in process of time at 
curved lines S 4 , S 5 , and S 6 when the input signal I is 
represented at a curved line A*. In this event, the beam 
intensity of the modulated beam from the optical modulator 
23 is approximately equal to the constant beam intensity 
represented at a line B 4 . 

For example, when the input signal I changes in its 
intensity or amplitude as is represented in FIG. 8(A), the 
feedback control signal from the feedback control device 35 
change in its amplitude as in FIG. 8(B). When the laser 
control device 37 receives the feedback control signal, the 
laser control device 37 controls the laser 21 in response to 
the feedback control signal so that the laser beam has an 
intensity as is represented in FIG. 8(C). In this event, the 
beam intensity of the modulated beam from the optical 
modulator 23 is approximately equal to the constant beam 
intensity as shown in FIG. 8(D). 

Referring to FIGS. 9 and 10, the description will proceed 
to a receiving system using another signal transmitting 
system; according to a third embodiment of this invention. 
Similar parts are designated by like reference numerals. 

In FIG. 9, the signal transmitting system comprises the 
laser 21, a first optical modulator 61, a second optical 
modulator 63, the photoelectric converter 25, the feedback 
control device 35, and an optical modulator control device 
65. The first optical modulator 61 is connected to the laser 
21 through the optical fiber 29. The second optical modu- 
lator 63 is connected to the first optical modulator 61 
through an optical fiber 67. The optical modulator control 
device 65 is connected to the feedback control device 35 and 
the second optical modulator 63 through lead wires 69 and 
71. 

The first optical modulator 61 Is equivalent to the optical 
modulator 23. The first optical modulator 61 receives the 
laser beam from the laser 21 and the input signal I and 
produces a first modulated beam having a first beam inten- 
sity which is varied in response to the input signal intensity 
of the input signal L The first optical modulator 61 has a first 
performance capability. 

The second optical modulator 63 is equivalent to the first 
optical modulator 61. The second optical modulator 63 has 
a second performance capability which is substantially equal 
to the first performance capability. The second optical modu- 
lator 63 receives the first modulated beam from the first 
optical modulator 61 and produces a second modulated 
beam having a second beam intensity. The photoelectric 
converter 25 receives the second modulated beam from the 
second optical modulator 63 and converts the second modu- 
lated beam &tc the etoctrlc signal h&viag the converted 
intensity. 

The optical modulator control device 65 receives the 
feedback control signal from the feedback control device 35. 
The optical modulator control device 65 controls the second 
optical modulator 63 in response to the feedback control 
signal so that the second beam intensity of the second 
modulated beam from the second optical probe 63 is 
approximately equal to a constant beam intensity regardless 
of variation of the input amplitude of the input signal 1 

For example, when the laser beam from the laser 21 is 
constant in its intensity as shown in FIG. 10(A) and when the 
input signal I change in its intensity as shown in FIG. 10(B), 
the first beam intensity of the first modulated beam from the 
first optical modulator 61 is represented as shown in FIG. 
10(C). In this event, the second beam intensity of the second 
modulated beam from the second optical modulator 63 is 
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represented in FIG. 10(D). Namely, the second beam inten- 
sity is aprn^ximately equal to the constant beam intensity. 
Also, in this event, the feedback control signal from the 
feedback control device 35 is represented in FIG. 10(E). 
5 What is claimed is: 

1. A receiving system for receiving an input signal from 
an antenna, said receiving system comprising: 

a receiving device, and 

a signal transmitting system far transmitting the input 
signal as an optical beam signal, said signal transmit- 
ting system comprising: 
a laser for irradiating a laser beam; 
an optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a modulated beam hav- 
ing a beam intensity which is varied in response to 
said input amplitude and said input signal intensity; 
a photoelectric converter for converting said modulated 
beam from said optical modulator into an electric 
20 signal having a converted amplitude, said receiving 

device receiving and processing said electric signal 
as said input signal; 
a feedback control device for receiving said electric 

signal to produce a feedback control signal; and 
a laser control device for controlling said laser to adjust 
a beam intensity of said laser beam in response to 
said feedback control signal so that said converted 
amplitude is approximately equal to a constant 
amplitude regardless of variation of said input ampli- 
,0 aide. 

2. A receiving system for receiving an input signal from 
an antenna, said receiving system comprising: 

a receiving device, and 
)5 a signal transmitting system for transmitting the input 
signal as an optical beam signal, said signal transmit- 
ting system comprising: 
a laser for irradiating a laser beam; 
an optical modulator for receiving said laser beam and 
10 said input signal with an input signal intensity and an 

input amplitude to produce a modulated beam hav- 
ing a beam intensity which is varied in response to 
said input amplitude and said input signal intensity; 
a photoelectric converter for converting said modulated 
^ beam from said optical modulator into an electric 

signal having a converted amplitude; 
a feedback control device for receiving said electric 
signal to produce a feedback control signal, said 
receiving device receiving and processing said fecd- 
g back control signal as said input signal; and 

a laser control device for controlling s&id User to adjusi 
a beam intensity of said laser beam in response to 
said feedback control signal so that said beam inten- 
sity is approximately equal to a constant beam inten- 
5 sity regardless of variation of said input amplitude. 

3. A receiving system for receiving an input signal from 
an antenna, said receiving system comprising: 

a receiving device, and 

a signal transmitting system for transmitting the input 
60 signal as an optical beam signal, said signal transmit- 
ting system comprising: 
a laser for irradiating a laser beam; 
a first optical modulator for receiving said laser beam 
and said input signal with an input signal intensity 
65 and an input amplitude to produce a first modulated 

beam having a first beam intensity which is varied in 
response to said input amplitude and said input 
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signal intensity, said first optical modulator having a 
first performance capability; 

a second optical modulator for receiving said first 
modulated beam to produce a second modulated 
beam having a second beam intensity, said second 5 
optical modulator having a second performance 
capability which is substantially equal to said first 
performance capability; 

a photoelectric converter for converting said second 
modulated beam into an electric signal having a to 
converted intensity; 

a feedback control device for receiving said electric 
signal to produce a feedback control signal, said 
receiving device receiving and processing said feed- 
back control signal as said input signal; and is 

an optical modulator control device for controlling said 
second optical modulator in response to said feed- 
back control signal so that said second beam inten- 
sity is approximately equal to a constant beam inten- 
sity regardless of variation of said input amplitude. 20 

4. A signal transmitting system for transmitting an input 
signal as an optical beam signal, comprising: 

a laser for irradiating a laser beam; 

an optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a modulated beam having a 
beam intensity which is varied in response to said input 
amplitude and said input signal intensity; 

an optical waveguide for transmitting said modulated ^ 
beam as said optical beam signal; 

a photoelectric converter connected to said optical 
waveguide for converting said modulated beam into an 
electric signal having a converted amplitude to produce 
an output signal of said system; 35 

a feedback control device connected to said photoelectric 
converter for receiving said electric signal to produce a 
feedback control signal; and 

a laser control device for controlling said laser to adjust a 
beam intensity of said laser beam in response to said 40 
feedback control signal so mat said output signal has a 
substantially constant amplitude regardless of variation 
of said input amplitude. 

5. A signal transmitting system for transmitting an input 
signal as an optical beam signal, comprising: 45 

a laser far irradiating a laser beam; 

an optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a modulated beam having a ^ 
beam intensity which is varied in response to said input 
amplitude «nd saM input signal intensity; 

an optical waveguide for transmitting said modulated 
beam as said optical beam signal; 



8 

a photoelectric converter connected to said optical 
waveguide for converting said modulated beam into an 
electric signal having a converted amplitude; 

a feedback control device receiving said electric signal to 
produce a feedback control signal and to deliver said 
feedback control signal as an output signal of said 
system; and 

a laser control device connected to said feedback control 
device for controlling said laser to adjust a beam 
intensity of said laser beam in response to said feed- 
back control signal so that said beam intensity is 
approximately equal to a constant beam intensity 
regardless of variation of said input signal intensity. 

6. A signal transmitting system for transmitting an input 
signal as an optical beam signal, comprising: 

a laser for irradiating a laser beam; 

a first optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a first modulated beam 
having a first beam intensity which is varied in 
response to said input amplitude and said input signal 
intensity, said first optical modulator having a first 
performance capability; 

a first optical waveguide connected to said first optical 
modulator fox transmitting said first modulated beam as 
a first optical beam signal; 

a second optical modulator connected to said first optical 
waveguide for receiving said first modulated beam to 
produce a second modulated beam having a second 
beam intensity, said second optical modulator having a 
second performance capability which is substantially 
equal to said first performance capability; 

a second optical waveguide connected to said second 
optical modulator for transmitting said second modu- 
lated beam as a second optical beam signal; 

a photoelectric converter connected to said second optical 
waveguide for converting said second modulated beam 
into an electric signal having a converted intensity; 

a feedback control device connected to said photoelectric 
converter for receiving said electric signal to produce a 
feedback control signal and to deliver said feedback 
control signal as an output signal of said system; and 

an optical modulator control device connected to said 
feedback control device far controlling said second 
optical modulator in response to said feedback control 
signal so that said second beam intensity is approxi- 
mately equal to a constant beam intensity regardless of 
vanatioa d said. vnp;;t signal intensity. 

***** 
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ABSTRACT 



A Mach-Zehnder interferometric modulator includes 
on a Z-cut crystal substrate of LiNb03 an input wave- 
guide section (302), an input branching section (303) for 
dividing an optical signal on the input waveguide into 
two substantially equal portions, first and second 
branch waveguides (304, 305) each having an electrode 
associated therewith (309, 308), an output branching 
section (306) for recombining the light from each 
branch waveguide into a single optical signal on an 
output waveguide section (307). The two branch wave- 
guides are spaced close enough to maximize the field 
overlap between the applied electrical field and the 
optical field in the waveguides but are optically decou- 
pled to prevent cross-coupling of light between the 
branches. This decoupling is achieved by using struc- 
tures which change the propagation constant of one of 
the branches with respect to the other along the modu- 
lation length. 

9 Claims, 5 Drawing Figures 
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MACH-ZEHNDER INTEGRATED OPTICAL 
MODULATOR 

BACKGROUND OF THE INVENTION 

This invention relates to integrated optical compo- 
nents, and in particular to components for modulating a 
light signal with an electrical information signal for 
transmission over optical fiber facilities. 



trode configurati n. Disadvantageous^, however, be- 
cause of the need to keep the branch waveguides far 
apart to prevent optical coupling, the three-electrode 
configuration cannot be impedance matched to the 
driving circuits, thereby resulting in microwave reflec- 
tions and losses and thus not fully efficient use of the 
available power. 

For high speed operation neither configuration is 
voltage efficient. Whereas push-pull operation 



The guided-wave Mach-Zehnder interferometric 10 achievable in the three-electrode configuration, micro- 



modulator is a well-known optical device which has 
been extensively discussed in the literature in such arti- 
cles as "Multigigahertz-Lumped-Hement Electrooptic 
Modulator/' by Richard A. Becker, IEEE Journal of 
Quantum Electronics, VoL QE-21, No. S, Aug. 1985, pp. 15 
1144-1146 and "Guided-Wave Devices for Optical 
Communication," by Rod C. Alferness, IEEE Journal 
of Quantum Electronics, Vol. QE-17, No. 6, June 1981, 
pp. 946-959. The interferometric modulator consists of 
a single input waveguide, an input branching region for 20 
splitting die input light power into two substantially 
equal portions, two branch waveguides, an output 
branching region for recombining the propagating light 
power in the two branch waveguides, and an output 
waveguide. By effecting a phase shift in one branch 25 
waveguide relative to the other, the combined output 
light power is between zero and the input power level, 
depending upon the magnitude of the phase shift Such 
phase shifts are effected by means of electrodes dis- 
posed on the substrate of the optical waveguide proxi- 30 
mate to one or both of the branch waveguides. When a 
voltage is applied, the electrooptic effect changes the 
refractive index of the proximate branch waveguide 
changing the optical path length, thereby effecting a 
phase change in the branch. By keeping the branch 35 
waveguides sufficiently apart to prevent optical cou- 
pling between the branches which would degrade per- 
formance, voltage variations are linearly transformed 
into the phase changes and thus into amplitude varia- 



wave losses due to impedance mismatch are most dele- 
terious at nigh speeds, thereby negating the push-pull 
advantage. The two-electrode configuration, although 
not exhibiting microwave losses, has precluded push- 
pull operation and requires more power to effect the 
same modulation depth, which at high speeds, driving 
circuits are unable to deliver. Accordingly, prior art 
interferometric modulators can not be optimized for 
both the switching voltage and microwave coupling. 

SUMMARY OF THE INVENTION 

Both microwave coupling and switching voltage are 
optimized in the interferometric modulator of the pres- 
ent invention. The interferometric modulator includes 
two branch waveguides each having an electrode dis- 
posed proximate to and associated therewith. The 
branch waveguides and their associated electrodes are 
disposed close enough to each other to the 
field overlap between the applied electrical field and the 
optical field in the waveguide so as to induce a positive 
phase shift in one branch waveguide and an equal and 
opposite phase shift in the other waveguide. In order to 
minimize coupling of light energy back and forth be- 
tween the two proximate branch waveguides, however, 
that would degrade performance, the branch wave- 
guides are optically decoupled by changing the propa- 
gation constant of one branch waveguide with respect 
to the other. This optical decoupling is realized by one 



tions in the light output power level. Accordingly, by 40 of several ways including making the width of one 
modulating the electrode voltage with an analog or v u * 1 1 lL ^ ^ 

digital information signal, the output light power is 
similarly modulated and can be coupled onto a fiber 
waveguide for transmission. 

In the prior art interferometric modulators, either a 45 
two or a three traveling wave electrode configuration is 
employed. In the two-electrode configuration, the elec- 
trodes are disposed along one branch waveguide length. 
Advantageously, the electrodes can be impedance 
matched to their driving circuits by selecting the elec- SO 
trode widths as a function of the gap between elec- 
trodes. By impedance matching the electrodes, no 
power is lost to reflections. Disadvantageous^, how- 
ever, the available power effects a phase shift in only 
the one associate branch waveguide thereby limiting 55 
the depth of achievable modulation for a given voltage. 

In the three-electrode configuration one electrode is 
commonly disposed between the two branch wave- 
guides and separate grounded electrodes are disposed 
along each branch waveguide. A voltage between the 60 
common electrode and each ground electrode effects an 
equal and opposite phase shift in each branch wave- 
guide thereby achieving twice the net phase shift than 

the two-electrode configuration f r the same voltage. 

This plus-minus phase shifting arrangement is kn wn as 65- tor includes an X-cut anisotropic crystal substrate 101 
push-pull and is advantageous for its efficient voltage such as LiNbOa which an optical waveguide path is 
utilization in that for a given voltage, twice the net formed through one of several well-known methods 
phase shift is effected than in the aforenoted two-elec- such as ion implantation, Li out-diffusion, metal in-dif- 



branch along the modulation length greater than the 
width of the other branch waveguide. Advantageously, 
the two stripline electrodes can be impedance matched 
to the microwave driving circuits thereby eliminating 
power reflections and the losses associated therewith. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 shows a prior art three-electrode interfero- 
metric modulator configuration; 

FIG. 1 shows a prior art two-electrode interferomet- 
ric modulator configuration; 

FIG. 3 shows an interferometric modulator incorpo- 
rating the present invention; 

FIG. 4 shows a cross-sectional view of the branch 
waveguide sections of FIG. 3; and 

FIG. 5 shows another embodiment of the present 
invention. 

DETAILED DESCRIPTION 

With reference to FIG. 1, a prior art three-electrode 
guided-wave electrooptic Mach-Zehnder interferomet- 
ric modulator driven in a push-pull configuration is 
shown. This modulator is similar t a modulator sh wn 
in FIG. 1 in the aforenoted Becker article. The raodula- 
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fusion, and i n exchange. In particular, in-diffusion of a push-pull arrangement is twice as large. Advanta- 
transition metal, for example Ti is frequently used. geously, however, using well-known microwave tech- 

The modulator includes an input waveguide 102, and aiques, electrodes 201 and 202 can be designed, by ap- 
lnput branching region 103 for dividing the input light propriate geometric selections of the widths and gaps 
power from waveguide 102 into two ideally equal por- 5 between the electrodes, to be impedance matched to the 
dons, branch waveguides 104 and 105, an output driving circuits, thereby eliminating power losses due to 
branching region 106 for recombining the light from reflections. 

each branch arm 104 and 105 into a single optical signal For high speed operation where the driving voltage 
on output waveguide section 107. Branch waveguides is limited and where power losses due to reflections 
104 and 105 are separated sufficiently to prevent optical 10 from impedance mismatch are most deleterious, neither 
cross-coupling therebetween. A grounded traveling of these prior art configurations provides optimum per- 
wave electrode 108 is disposed in close proximity to formance. 

branch 104 on the surface of substrate 101, separated With reference to FIG. 3, an embodiment of the 
therefrom by a buffer layer of a material such as S1O2. A Mach-Zchnder mterferometric modulator of the pres- 
second grounded traveling wave electrode 109 is simi- 15 ent invention is shown. The modulator includes a Z-cut 
lariy disposed in close proximity to branch 105 on sub- crystal substrate 301 of a material such as LiNb03. The 
strate 101. A third traveling wave electrode 110 is dis- waveguide sections, configured like the waveguide 
posed between and proximate to both branch wave- sections in FIGS. 1 and 2, include an input waveguide 
guides 104 and 105. section 302, a branching region 303, branch waveguides 

When a positive voltage V is applied to electrode 110, 20 304 and 305, an output branching region 306, and an 
the electric field in the positive Z-direction between output waveguide section 307. A first traveling wave 
electrodes 110 and 108 along the modulation length grounded electrode 308 is disposed over branch wave- 
induces a phase shift in waveguide branch 104 while the guide 305, and a second traveling wave electrode 309 is 
equal and opposite electric field in the negative Z-direc- disposed over branch waveguide 304, both electrodes 
tion between electrodes 110 and 109 along the modula- 25 being separated from the substrate 301 and the associ- 
tion length induces an equal and opposite phase shift in ated branch waveguides by a buffer layer, 
branch waveguide 105. In this push-pull arrangement In order to operate as a push-pull device, branch 
the magnitude of the combined light output in output waveguides 304 and 305 are disposed proximate enough 
guide 107 is affected by the equal and opposite phase to each other to maximize the field overlap between the 
shifts induced in both branch waveguides 104 and 105 30 applied electrical fields and the optical field in the 
by the voltage V. When the voltage V is an analog or branch waveguides 304 and 305 along the modulation 
digital information signal the amplitude of the optical length while being simultaneously optically decoupled, 
signal on waveguide 107 is similarly modulated. Such optical decoupling between branch waveguides 

Advantageously by effecting a phase shift in both 304 and 305 prevents cross-coupling of light between 
branch waveguides 104 and 105, the available driving 35 the branch waveguides that otherwise degrades the 
voltage V achieves twice the modulation depth achiev- modulation characteristics of the modulator and in par- 
able if that same voltage were to effect a phase change ticular substantially reduces the modulation depth, 
in only one branch. Disadvantageous^, due to the ge- Such optical decoupling of the branch waveguides is 
ometry of the configuration, the characteristic impe- achieved by changing the propagation constant of one 
dance of electrodes 108, 109 and 110 cannot be opti- 40 branch waveguide with respect to the other, which 
mized to be impedance matched to the driving circuits. thereby permits close physical proximity of the two 
The resultant losses caused by microwave reflections branch waveguides required for mairimnm field over- 
which are most deleterious at high signal speeds, there- lap. Such optical decoupling is achievable in several 
fore, require a higher voltage V to achieve the same ways. A particularly easy to fabricate method is to make 
modulation depth, thereby negating in part the advan- 45 one branch waveguide 304 wider than branch wave- 
tage of a push-pull configuration. guide 305, as shown in FIG. 3, which creates a different 

With reference to FIG. 2, a prior art two-electrode propagation constant in each branch waveguide. This is 
Mach-Zehnder interferometric modulator is shown. readily fabricated by using a mask of a different width 
Similar numeric designations are given for elements when forming the waveguides using techniques such as 
corresponding to elements in FIG. L This modulator is 50 Ti in-diffusion. 

similar to the modulator shown in FIG. 8 of the afore- As noted in the cross-sectional view of FIG. 4, the 
noted Alferness article. In this two-electrode configura- electric field lines 310 between electrodes 309 and 308 
tion a first grounded traveling wave electrode 201 is are oriented in through the crystal substrate 301 and 
disposed on substrate 101 along one branch waveguide through branch waveguide 304 in the positive Z-direc- 
105 of the structure while a second traveling wave-elec- 55 tion and through branch waveguide 305 in the negative 
trode 202 is disposed on substrate 101 on the opposite Z-direction. Therefore, the electrooptic effect induces 
side of the same branch waveguide 105. When a voltage the desired equal and opposite phase change in each 
V is impress^: across electrodes 202 and 201, the elec* branch waveguide from the applied voltage V. Advan- 
tric field therebetween along the modulation length, as tageously, this two-electrode push-pull modulator can 
a result of the electrooptic effect, induces a phase shift 60 be impedance matched to the external driving circuits 
in the light signal in branch waveguide 105. When this using standard microline techniques, 
signal is recombined in branch section 106 with the Other techniques for optically decoupling the branch 
uns h iftcd signal in waveguide section 104, the resultant waveguides by changing the propagation constant of 
output signal has a magnitude less than or equal to the one branch waveguide with respect to the other are also 
input signal, depending upon the magnitude of the in- 65 possible. These include changing the index of one 
duced phase shift. As af ren ted, since the light in only branch waveguide with respect to the ther by doping 
one waveguide branch is phase shifted, the voltage one branch waveguide m re heavily than the other in 
required to effect the same modulati n depth as the the fabrication process, loading one of the branch wave- 
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guides with a high index overlay, etching away part of said modulator further comprises means for optically 

one waveguide, or making one waveguide deeper than decoupling said first and second branch wave- 

the other. As noted, the embodiment of FIG. 3 is ad van- guides. 

tageous due to its ease of implementation. 2. An optical modulator in accordance with claim 1 
An alternate embodiment is shown in FIG. 3. Rather 5 wherein said means for optically decoupling said first 
than employing a branch waveguide of uniform width and second branch waveguides comprises means for 
along the modulation length, branch waveguide 501 is changing the propagation constant of one branch wave- 
divided in half into wide width and a narrow width guide with respect to the other branch waveguide, 
sections 502 and 503, respectively and branch wave- m *' OR** 1 m <*ul*tor in accordance with claim 2 
•j r/n . - ./T . rv f . ' rt • fof - 10 wherem said means for changing the propagation con- 

505 506, -P«d vcly. The ^ 501 ^^^ZJSStS£ 

and 504 remain optically decoupled. The slight bias in ^ dc ^ ^ modulation {cngtiL 
the output signal that would result for a zero volt input 13 4 ^ otiad modular m accordance with claim 3 
in the modulator of FIG. 3 is eliminated by making the wherein said first branch waveguide has a first width 
net propagation delay through branch waveguides 501 along a ^ portion and a second width along a second 
and 504 equal ... portion of the modulation length, and said second 

Although the embodiment of the present invention is branch waveguide has said second width along a first 
FIGS. 3 and 5 have been described using a Z-cut LiN- 20 portion and said first width along a second portion of 
DO3 crystal substrate, in other crystal substrates having the modulation length. 

different symmetries a different crystal orientation may 5. An optical modulator in accordance with claim 4 
be more advantageous. wherein the first and second portions of the first branch 

The above described embodiment is illustrative of the waveguide along the modulation length are substan- 
principles of the present invention. Other embodiments 25 tially equal to each other and the first and second por- 
may be devised by those skilled in the art without de- dons of the second branch waveguide along the modu- 
parting from the spirit and scope of the invention. lation length are substantially equal to each other. 

What is claimed is: & An optical modulator in accordance with claim 2 

L An optical interferometric modulator comprising wherem said means for changing the propagation con- 
an input waveguide section 30 stant of one branch waveguide with respect to the other 

an input branching section for dividing an optical comprises said first branch waveguide being more heav- 
signal on said input section into two substantially Uv ^ **** s*** 1 branch waveguide along the 
equal portions, modulation length. 

firsVand «cond branch waveguides for transniitting „ * niodulator in accordance with claim 2 

the two portions of the divided optical signal, 35 whcra f ^ for chan «m« propagation con- 
ffeTandSdec^es each assocLted w^ said stant of one branch waveguide with respect to the other 
!. ™* T7 t IT 1 comprises a high index overlay loaded on one of said 

first and second branch waveguides, respectively bra ^ h waveguides along the modulation length, 
and each m a proximate physical relationship with $ ^ ^ modulator m accordance with claim 2 
its associated branch waveguide along a modula- ^ wherein 3^ mcam for changing the propagation con- 
tion length, stant of one branch waveguide with respect to the other 

. an output branching section for combining the optical comprises one branch waveguide having a depth differ- 
signals on said first and second branch waveguides, ^ than the depth of said second branch waveguide 
characterized in that along the modulation length, 

said first and second branch waveguides are disposed 45 9. An optical modulator in accordance with claim 2 
in such a proximate physical relationship with each wherein said means for changing the propagation con- 
other along the modulation length to maximize the stant of one branch waveguide comprises one branch 
field overlap between the electric fields from said waveguide being etched away along the modulation 
first and second electrodes and the optical field in length. 

the branch waveguides, and 50 • * * * * 
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[57] ABSTRACT 
An optical link exhibiting net gain without the use of 
optical or electronic amplifiers. The link includes a 
high-power laser, a high-sensitivity external modulator 
for intensity modulating the laser output, an optical 
fiber, and photodiode detector. The electrical input port 
of the external modulator is impedance-matched to the 
output port of an electrical signal source using a trans- 
former double-tuned circuit. The link exhibits electrical 
transfer efficiency (i.e., gain) proportional to the square . 
of the optical bias power and modulator sensitivity, and 
much lower insertion loss than prior art links. The link 
can be advantageously used wherever low-insertion 
loss, high bandwidth, and low distortion transmission of 
electrical signals is required over distances up to ten 
kilometers. 
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ever, inscrti n losses less than 30 dB, have not been 
OPTICAL LINK observed in practical externally modulated optical links. 

Thus, even when external modulation is used, existing 
STATEMENT OF GOVERNMENT INTEREST optical links usually exhibit low transfer efficiency, 
This invention was made with U.S. Government 5 whether transfer efficiency is defined as ^the ratio of link 
support under contract number F 19628-85-O0002 utput electrical power to link input electrical power, 
awarded by the Department f the Air Force. The U.S. as in the case of analog links intended to carry analog 
Government has certain rights in this invention. signals, or as the ratio of utput current to input current, 

This is a divisional of co-pending application Ser. No. as in the case of digital links. 
07/411,077, filed on Sep. 7, 1989, now abandoned. 10 The transfer efficiency problem can be overcome 

somewhat by using an electronic amplifier at the re- 
FIELD OF THE INVENTION ceiver side of the link, or by using an avalanche photo- 

This invention relates generally to optical communi- diode or photomultiplier as the detector. In some appli- 
cations and more specifically to an externally modu* cations, such as cable television, where a number of 
lated optical link exhibiting efficient transfer of electri- 15 detectors are necessary, the expense of such an ap- 
cal power, low noise figure, high dynamic range, and proach is undesirable and may be prohibitive, however, 
high signal to noise ratio w ithout the use of electronic Because the optical fiber medium itself provides in- 
a mplifier s, ph otomultipliers, or avalanche photodete£ creased efficiency in transferring light from the laser to 
torsT" — L ~~~~ the photodetector, it is quite common to reduce the 

BACKGROUND OF THE INVENTION ^ a* 0 " 1 * of m P ut lascr P° wer « much 85 possible. Opera- 

BACKGROUND OF THE INVENTION ^ ^ ^ ^ ^ by 

Fiber optic communication links are increasingly cal concerns, dating back to the design of early free 
used in a variety of el ectric signal transmission applica- space optical systems, that in the interest of efficiency, 
tio ns rangjg g . from cable television d istribution,, tele- sucn systems should operate at low power levels. See 
communicatiojis, electrom^eticJRel4 w ^sors^jnd 25 w K ( ^ r communications Systems, (New 

radarTA prime motivation for using these links is that Y ork: John Wiley & Sons, 1969), p. 16. Thus although 
theoptical fiber transmission medium offers significant power lasers hccn ^ ^th free space 

advantages such as high bandwidth, low loss per unit optical communications systems and bulk-type, low 
length, immunity to electromagnetic ^interference, and efficiency modulators, there has seldom been an attempt 
low weight. Unfortunately, many of these advantages 30 tQ fe ofhi &cv power lasers in optical fiber 

are not realizable in practice because of limitations in 

the electrical-to-optical and optical-to-electrical con- In certain applications, low optical power is used 
version process. because of modulator stability problems in short wave- 

To understand why this is so, consider one type of n such ^ 100 microwatts ^tW) at a wavelength of 
optical link where* ^ormadon » 35 8 30Wometers (am) or because of limited power Wil- 

carner hght wave by modulatmg the cunent of a semi- laser, such as 1 milliwatt (mW) at 1300 

conductor diode laser. This process, referred to as di- ttW,c ' v 7 

rect modulation, is presently the most widely used tech- mJ ^ . ^j^ik, ^ 

nique for optical links. Thus many pnor art optical fiber hnks typically op- 

However, direct modulation optical links have not 40 ; at fairly low optical, power levels-either because 
been as widely accepted as their original proponents of t reasons or of P ractical cons,dcr - 

had expected. Where such links are to be used in place ations. 

of a coaxial cable analog systems designers typically Existing rationale thus appears to be that there is bttle 
prefer links exhibiting efficient transfer of electrical advantage to increasing the optical power in opac fiber 
power, low noise figure, and high dynamic range. Digi- 45 l|nks beyond the milhwatt power level, in spite of the 
tal systems designers typically prefer high signal to theoretical teaching that link transfer efficiency ■ nn- 
noise ratio, low bit error rates, and efficient transfer of P^ves with the square of optical power. An optical link 
input current to output current, to enable high fan out. exhibiting net electrical power gam has never been 
All of these features have heretofore been difficult to demonstrated. ^ 
achieve with optical links. 50 Theoretical calculations of others, such as in Buhner, 

For example, although the loss of the optic fiber itself C. H. and Burns, W. K., "Linear Interferometric Modu- 
may be less than I decibel per kilometer (dB Am), the lators in Ti:LiNb03'\ IEEE Journal of Lightwave Tech- 
electrical-optical-electrical conversion process typi- nology, (New York: Institute of Electrical and Elec- 
cally results in a zero-length link insertion loss of 30 to tronic Engineers), Vol. LT-2, No. 4, August 1984, pp. 
50 (jB. 55 512-521, imply that an improvement in link dynamic 

In another type of system, the laser is operated at a range will be observed with an increase in optical 
constant power level, and an optical modulator is cou- power. See also Cochran, S. R., "Low-Noise Receivers 
pled to the laser output. This so-called external modula- for Fiber-Optic Microwave Signal Transmission", 
tion approach does have some advantages. For exam- IEEE Journal of Lightwave Technology, (New York: 
pie, it allows the use of a laser that emits light at a fixed 60 Institute of Electrical and Electronic Engineers), Vol. 
optical power level, thereby eUminating concern over LT-6, No. 8, August 1988, pp. 1328-1337, wherein the 
the laser's linearity. sources of noise in an optical link receiver are discussed 

Known theory predicts that the ratio of the output and mathematical relationships for their relative ampli- 
electrical power to the input modulation signal power tudes are derived. However, neither of these references 
depends upon the square of the optical power available 65 shows how to achieve shot-noise limited performance 
at the utput of the modulator. See generally Gagliardi, in an externally modulated optical communications 
R. M. and Karp, S., Optical Communications, (New system without using an electronic amplifier, avalanche 
York: John Wiley & Sons, 1976), pp. 141-155. How- photodiode detector, or photomultiplier. 
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What is needed is a way to improve electrical t efficiency of the link increases as the square of the opti- 
electrical transfer efficiency of an optical link, as well as cal bias power. Thus, the contributions ofsh t noise t 
it other operating characteristics. The improvement link input n ise can in principle be suppressed to arbi- 
should be such that optical links are attractive in a broad trarily low levels. 

range f signal transmissi n applications, such as cable 5 The net effect is significant because the equivalent 
television distribution, telecommunications networks, noise of this type f externally modulated link is signifi- 
and electromagnetic sensing. cantly less than that f a directly modulated link. This, 

The approach should be simpler and less costly than in turn permits a larger intermodulation-free dynamic 
present techniques such as active electronic amplifiers range, notwithstanding that at the same optical modula- 
or avalanche photodetectors. 10 tion depth the third-order distortion of an external mod- 

It is also desirable to provide a mechanism for in- u] a tor is greater than that of a direct modulated laser 
creasing the transfer efficiency of an externally xnodu- diode. 

lated optical link by increasing sensitivity of the optical m 8ignal transmission applications, a higher 

modulator, without necessarily decreasing the link's ^cak output electrical current is typically available for a 
electrical bandwidth. 15 g ven amount of input electrical current. 

SUMMARY OF THE INVENTION In addition, since transfer efficiency is obtained with- 

' . . „ ■ , out using an electronic amplifier, the link exhibits far 

Briefly, an externally modulated optical link con- less than links which require electronic 

structed in accordance with the invention includes a p.eamplification, especially where a sufficiently distor- 
mgh-power, low-noise, contmuous-waye hgh source 20 £ on _ frce Ufier fe difficult or impractical to use. 
such as a laser, a high-sensitivity optical modulator, an 

optical fiber, and an optical detector. An electrical sig- BRIEF DESCRIPTION OF THE DRAWINGS 
nal source provides an electrical input signal to an elec- ~- M ^ A a„*w rt r i«„^*4^ 

trical input of the modulator. The modulator Intensity- ™L^Z Z^^Z £%^<,t*l 
modulates the light output from the laser, thereby pro- 25 ™ y * * ette * under ? tood . «f«rai8 * the foUowmg 
viding a modulated lightwave. The o^ciSrtr^- "\ conjunct™ wtth the accompanymg 

mitt the modulated light wave to a destination location. arawmg* m wiucn: .... 

hghtv^elnd^ovidiran electrical output signal to an ^ons system constructed m accordance with the niven- 
electrical signal receiver. 30 " on » 

^nTISeTTrdS^^^ noise (RIN) is preferably . nG ' 2 * a b,ock ^grain of an miplementation of the 
negligible at the high optical power levels of interest, mvcntl0n ** a PP^on such as cable television 
when compared to the thermal noise originating from * he " m dectxical signal must be distributed to a num- 
the electrical output load at the photodetector and the ^L?A r< ; m . otc lo f atlons; ^ r . 

inherent photodetector shot noise. In other words, the 35 *?G. 3 is a schematic diagram of an mterferometnc 
laser's optical power and RIN are preferably selected °P tlcal modulator of ^ xiscd ***** mvention; 
such that the shot noise of the photodetector is the FIG. 4 is a plot of optical output power versus optical 
dominant source of noise at the output end of the link. P 1 "^ difference for the optical modulator; 

In addition, the link exhibits electrical transfer effi- FIGS - 5A > 5B » ™* respectively, are plots of the 
ciency in excess of one, or net electrical signal gain, 40 relative power of noise sources at the output end of the 
withoul _jhe use of electronic or optic a^ a^plifie^ nc link, signal to noise ratio of the link, and link noise at the 
active det ectors such as avalanche photodiodes . The. input; 

linlH ^Iftnus acts' as an amplifier. — r " FIG.. 6 is a plot of electrical-to-electrical transfer 

The prefmed optical modulator is of .the Mach - efficiency versus frequency with a resistive matching 
Zender type ; however, any modulator for which the 45 circuit. 

o^tica^Btpul,^ to the eleetricaJU DETAILED DESCRIPTION OF ILLUSTRATIVE 

m E^^£^H^lt. ....... EMBODIMENTS 

The detector can be a simple positive-intrmsic-nega- 
tive (PIN) photodiode. Turning attention now to the drawings more particu- 

There are several advantages to this arrangement. 50 krly» there is shown in FIG. 1 one embodiment of an ' 

Significantly improved electrical transfer efficiency is optical communication link constructed in accordance 
observed. Even electrical signal gain can be achieved in with the invention. The link includes a continuous wave 
an. optical link without using electronic amplifiers, (CW) light source 10, an electro-optical modulator 14. 
photomutipliers, or avalache photodiodes. an electrical modulated signal source 16, a light sensi- 

The link transfer efficiency, noise figure, dynamic 55 tive detector 22, and an electrical signal receiver 24. 
range, and signal to noise ratio all improve with increas- Light output from the light source 10 is coupled to an 
ing laser power, the link transfer efficiency and noise optical input port of the modulator 14 via an input opti- 
figure also improve with increasing modulator re- cal fiber 12. The modulator 14 mten sitv-Tncvlnlfltftfi \h$ 
sponse. lig ht at its opticaTlnput port in accordance with th e 

For example, the electrical-to-electrical transfer effi- 60 vari ations in an electrical signal applied to its decfrical 
ciency increases as the square of the improvement in in put port to produce a mo dulated hght^wave.at its 
modulator sensitivity and/or input optical power. Thus, opti calqi]^ from the optical 

by increasing the amount of optical input power, the modulator atthe optical output port is coupled to an 
transfer efficiency of the link can be increased. optical input port of the photodetector 22 via an output 

The link n ise figure also improves with increases in 65 optical fiber 20. 
the bias optical power available at the modulator utput The electrical signal source 16 provides a modulated 
per unit amount of electrical power applied to the mod- electrical input signal via an electrical waveguide such 
ulator*s electrical input This is because the transfer as a coaxial cable 17. The electrical input signal may be 
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directly connected to an electrical input of the modula- preserving single mode fiber is preferably used for the 
tor 14. input fiber 12. One such fiber is the optical fiber mar- 

A cable 23 couples an electrical utput signal from keted under the trade name Coreguide PRSM by Cor- 
the photodetector 22 to the electrical receiver 24. ning Glass Works, Corning, N.Y. In that instance, the 

The link thus provides a communication path be- 5 utput fiber 20 can then be any convenient type of 
twecn the signal source 16 and the signal receiver 24. optical fiber. 

In some applications, the input components including With the optical power level at the input of the mod- 
light source 10, modulator 14, and even electrical ulator at approximately 55 mW, the measured optical 
source 16 may all be fabricated on the same substrate. power at the input to detector 22 was about 11 mW 

In this arrangement, the output power available from 10 yvith a fairly short output fiber 20. For these power 
the light source 10, its inherent noise level, the sensitivi- levels, the fiber lengths can be as long as approximately 
ty of the modulator 14, and noise power levels are such 400 meters (m) for the input fiber 12 and 10 kilometers 
that certain signal and noise level conditions exist at the Qmj) f or th e output fiber 20 before any power-limiting 
photodetector 22. These conditions are discussed in effects of the fibers themselves is observed, 
detail below. 15 photodetector 22 is preferably a semiconductor 

FIG. 2 shows how the invention is preferably em- positive-mtrinsic-negarive (PIN) photodiode, such as 
bodied in an electrical signal broadcast apparatus, such the photodiode model number QDEP-075-001 

as may be used in a cable television or telecommunica- manufactured by Lasertron Corporation of Burlington, 
tions network application. Here, the electrical signal 

from the electrical source 16 is broadcast to a number 20 ^ electrical 16 m6 el ectrical receiver 24 are 

of sites 30a, m and 30*. typically electrical amplifiers in ^aIog_signaI appbcT 

At an exemplary site 30a there is located an optical tio ns T m digital applicationslhey are^u ^TaPDropriate 
tap 26a, a photodetector 22a and an electrical receiver digital circlnTgomponents such aTbiSer/dri vers. HovT 
24a The optical tap 26a provides a percentage of the evwToIKH^ 
optical energy received from the output fiber 20 to a 25 t0 tnTlm^^"^"^^^^^^ 

local fiber 28a Fiber 28a in turn provides the modu- ^fhTp rtferred modulator 14 is fabricated on an x-cut 1 
lated light signal to the jiM^^^Jsl^^ Hthium^5bat T(LiNb0 3 ) substrate as a Mach- Zende? 

titanlu^ollnlsa w^ks^^^ao^rTS^ 
t c ^ re ^ v ^?few matic ^^em^t^^^^J^S^^S^^' This modu- 

Other sites 30* and 30«^ve similarly arranged 30 i atoF12n5c ^^ 14 i and 

T<%\ V *S& ' ?*S ■ ; • p T d 142 <* is P osed °* On*** <* * «nWl electrode 

photodetectors 22b ... and 22n , and electrical receiv- 143 ^ clectrode 7i e of a le ngth L. A modulato r 

ers 2^ , and 24«, respectively. ..... op tical waveguide receives light on an input end 144 

In this arrangement, certain noise and signal leve ^ fr ^ B & r 12 provides modulated light at aT 
conditions are present such that the sum of the optical « i — . r , ^ . * —j J^f^u 

power incident at the photodetectors 22a 22b, . . and ouJ^ dJ4g^Be |^^ lU ^A M^ 
22n is large enough so that the proper signal and noise modulator vm^sJUtia to fggW .. Sf 
level conditions are present, as will be described. om^ann^S. Each arm 145 grouted around a cor- 

Optical links in accordance with the invention de- responding side of the central ^cle^rode 143 adjacent a 
picted in FIGS. 1 and 2 exhibit several advantageous 40 corresponding peripheral electrode 141 or 142 and then 
electrical operating characteristics not previously at- r ^J omcd J"? f 1 " at *** °*P ut cnd ™ 7* 
tainable with optical links. For example, they are capa- Penpheral electrodes are connected to an electncal 
ble of an electrical transfer efficiency greater than one ground reference voltage, and an dectrjcal input volt- . 
(i.e., net electrical signal gain), electrical noise figure at ^^gS^^E^^^^SS^J^JJ^^^ 
least 20 dB better than prior art links, high signal to « fi eldthus produced m modulato r 14 provides an optical 
noise ratio, and low intermodulation distortion. p hase aif fere^ e^eiw^njhejght in the mterferAmrte_r 

To understand how this is accomplished, first con- armsljgJThe frequency of the electrical input signals 
sider the components of the optical link of FIG. 1 more applied* 10 Mach-Zender modulator 14 is low 
particularly. The light source 10 couples a light wave of enough so that the optical transit time through the mod- 
a constant power level to the input optic fiber 12 . In the 50 } ^ ai0T 14 is not a consideration, 
preferred embodiment, light sou rce 10 is a diode- embodiment being described, the electrodes 

pu mped. neodVnilluri .yttriu m "aluminum garnet and 142 were made of gold, had a length L of 55 

(Nd:YAG V. l aseTIS fial^OQu ples anj optical Mi ppw i er^ T QfJL5. mm, and had a spacing between central and peripheral 
milliwatts (mW) i nto^optic fiber 12 at a wayelength_Qf electrodes equal to the waveguide width. 
1.32 mlcr^^Qxin), with a rel ative in to For a more detailed discussion of the fabrication of 

less^haTTipproximately — 165 decibels "per hertz such a modulator 14, refer to the paper by Becker, R. 
(dB/Hz) near the operating electrical frequency of the A., "Broad-Band Guided-Wave Electro-optic Modula- 
link (60 megaHertz (MHz) in the embodiment being tors", in IEEE Journal of Quantum Electronics, Vol. 
described) One such laser is the Model ALC-1320-75P QE-20, No. 7, July 1984, which is hereby, incorporated 
laser manufactured by Amoco Laser Corporation of 60 by reference. 

Napierville, 111. The effect of the input voltage applied to the modula- 

Other types of li ght sou rces 10, such as s emi condu ce tor upon the optical phase difference is characterized by 

tor jaserVcari a ^ bcJ 5^ V v , the voltage required for tr radians of optical phase 

output opti_cal m po>ver_a^^ shift The relationship between optical phase shift 4> and 

noise and agnajJcyeLconfluQns,a^^^ 65 in pu t voltage V«, is thus given by 

22, as exj^ained.below. 
The* optical fibers 12 and 20 are chosen depending 

upon the type of modulator 14 used. If the modulator 14 

is polarization-sensitive, an appropriate polarization- ♦=* , r&/F w . 
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V* was appr ximately 650 mV in the case of a 50 fl a link desired for transmission of digital signals, they 
resistive impedance matching element at the electrical are normally measured as a ratio of power in the ON 
input. The capacitance of the input electrodes was ap- state t power in the OFF state.) 
proximately 39 picofarads (pF). The significance of F r a derivation of the above relationships for output 
these specifications will be evident later in this discus- 5 optical power from the modulator, see the papers au- 
«on, thored by the inventors, including (1) Betts, G. E., 

Other types of modulators may be used, as long as the Johnson, L, M., and Cox, C H., "High-Sensitivity 
optical power output by the modulator is proporti nal Bandpass RF Modulator in LtNb03", Integrated Optical 
to the optical power input to the modulator times a Circuit Engineering VI, (Bellingham, Wa.: Society of 
factor F, where F is independent of the optical power io Photo-optical Instrumentation Engineers, 1988), Vol. 
input to the modulator, and F is a function of the electn- 993i n(M16; {2 ) Cox. C H., Johnson, L. M. ( and 
cal input current or voltage. The modulator 14 must Betts, G. E., "A Theoretical and Experimental Compar- 
also have sufficient sensitivity so that certain signal and ^ of Dircctly Externally Modulated Fiberoptic 
noise level conditions are met at the detector 22, as Links „ 1 989 IEEE MIT'S Digest, (New York: Institute 
descnbed below These wnditions can be made to hold is ofHectrical and Electronic Engineers), pp. 689-692; 
true for certain other modulator types presently known (3) JohnsQ L M „ Rclatjve ^ OTmaR ^ of 
in the art, such as directional coupler modulators, syn- ^Mztched Lumped-Element and Travelling-wTve 
chronous directional coupler modulators, and wave- T Tlt -,~o*«H_rw™i pk«« u^Hiiia*^* nrsrr? pu»t™fo 
guide cutoff modulators. Integrated-Optical Phase Modulators , IEEE Photonic 

K umc wiuii muuui«iu« ^ Technology Letters, (New York: Institute of Electrical 

Foramorec<>mpletetreAtoentofhowthemvention 20 and Electtonic Engmeers) Vol. 1 No. 5, 1989; (4) Berts, 
can also improve the operation of travelling waveguide ^ tT r ^ , ' J; ' ' 7 * x in~ T 

modulators, and the details of how to fabricate such a ^V°^?\ L ^ 

modulator, see Betts, G. E., "Microwave Bandpass ^ lt, r? ty ^°^ Lmk Usu * External Modulator^ 
Modulators in Uthium Niobate", Proceedings of the ^"^/' Ae ^fTV^^/J^Fu ^ 
Conference on Integrated Guided Wave Optics '89, Hons- 25 ff Baltimore, Md. April 1989; and (5) Johnson L. 
ton, Tex., February, 1989, which is hereby incorporated ™ *» d ^ " Intc ^ ed "Modulators for 

by reference Analog Links", Military Fiber Optic Conference, Los 

Returning'to the discussion of the preferred Mach- Calif December, 1988, all of which are hereby 

Zenderinterferometric modulator, as shown in FIG. 3, mcorporated by reference. 

the opti cal Phase difference impressed in the pair of 30 T?fe Papers also derive and discuss a mathematical 
arms 145 produces acosinusoidal intensity variations model ° f eternally modulated link including laser, 
the^tical WeUevenv'ailable'at the outPUt^dJ48, external modulator, and pin photodiode. The model can 
The p^verof^ the P rcdict ^ cffccts of dcvicc parameters, such 

modulator is proportional to the optical output modula- P° wcr md modulator sensitivity, on such link 

tion depth, M, which in turn depends upon the input 35 parameters as transfer efficiency, insertion loss, noise, 
modulation depth, <f> m . For analog operation, the modu- and dynamic range. 

lator 14 is preferably biased near a half-power, or linear A kev findin g from thesc mathematical models was 
bias point at ir/2 radians to insure that the resulting that for externally modulated links of the type shown in 
output optical modulation depth M is approximately FIGS. 1 and 2 using the modulator of FIG. 3, electrical 
equal to the input modulation depth This not only 40 efficiency is proportional to the square of the 

maximizes electrical sensitivity but also eliminates even optical bias power, P//2, and of the modulator sensitiv- 
harmonics as well as even intennodulation products at ix V* particular, the modulated optical power available 
the link output. at the output of the link, that is at the input to detector 

For an externally modulated link using Mach-Zender 22 of FIG. 1, or at the input to the first tap 26a of FIG. 
interferometric modulators of the type depicted in FIG, 45 * is proportional to the square of the optical power at 
3, the inventors have demonstrated that the output toe input of the link and the reciprocal of modulator's 
modulated optical power available from the modulator v » : 
is given by 

ft=</V2)[! +cos(vVe/V 9 )1 5 q 



rr — a 



[-£-]' 



where p 0 is the output optical power, P/ is the input 

continuous optical power level, is the voltage of the where pin t a is the electrical power available at the input 

input electrical signal, and is the voltage applied to to the modulator. Thus, externally modulated links of 

the modulator. 55 this type have a distinct advantage, since the amount of 

If the applied voltage comprises a modulation voltage optical power available at the output is independent of 

V ro superimposed on a bias voltage V* i.e., the light source's efficiency and depends primarily upon 

V£=V m +V* f and if V B =y 1T /2 f then output power of the input optical power level and the modulator's V*. 

the modulator is given by: While the invention has heretofore been described by 

60 giving fairly specific operating parameters and device 

Pi_ — v V m specifications for a particular embodiment, knowledge 

0 " 2 of the above optical power relationship gives further 

insight into the general conditions under which efficient 

where V m is the modulation depth of the electrical input transfer of electrical power, and low insertion loss, 

signal. 65 In particular, consider the sources of noise at the 

(In the case of a link designed for transmission of ph todetector 22. These noise sources are of two types, 

analog electrical signals, the powers V 0 and Pi are nor- including input noise sources at the input end of the link 

mally measured as average power levels; in the case of (i.e., the laser and the modulator), and output noise 
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sources at the utputend fthe link (i.e., the detect r22 thermal noise of the resistive component of the modula- 
and the load impedance presented to the detector by the tor input impedance. The effects f RIN are clearly 
electrical signal receiver). evident; the RIN sets a noise figure floor that can be 
To determine their effect on the noise level at the significantly higher than the input thermal noise floor, 
utput end of the link, input noise sources must be "re* 5 As a result of these examinations of link performance, 
ferred forward" to the output end of the link. At the it is evident that the laser should be selected so that the 
output end of the link, the three dominant noise sources equivalent n ise effect of its RIN at the detect r 22 is 
include (1) photodetector shot noise, which varies di- less than the sum of the detector sh t n ise and the 
rectly as the amount of optical power received by the detector load impedance noise, 
detector; (2) laser relative intensity noise (RIN) which 10 it should also be noted that with some electronic 
depends upon the type of laser and its operating condi- amplifiers, the thermal noise is dominated by the equa- 
tions, here it is assumed that RIN is independent of alent input noise, and thus that is the proper measure of 
optical power at the link output—consequently its ef- impedance noise, 

feet at the detector is to increase as the square of the ^ a system having a plurality of detectors, such as 

optical power and (3) the detector load impedance noise 15 sn0 wn in FIG. 2, the sum of the optical powers incident 

presented to the detector 22, such as the equivalent on M ofthe detectors 22a, 2% . . . , 22n should be high 

noise presented by the input amplifier in the electrical enough so that if a single detector was present at the 

receiver 24 (which is assumed in the following analysis reC eiver end of the link, it would be shot-noise limited, 

to be the so-called Johnson, or thermal noise presented However, for the externally-modul ated link in accor- 

by a 50 ohm resistor, and thus is independent of optical 20 dan ce witFlKe invention, the transfer etticiency, tn- 

power). The effects of other input noise sources such as crepes linearly with h^uT^u^power. Electrical 

very high modulator sensitivity, high noise current in ^g^lTSin^^ 

the input electrical signal, and so-called modulator ther- mpTSSmatdy 55 m^T -««~~ 



mal noise, are assumed to be negligible in this discus- orS^^omultipliers and amplifiers can be 



^nismstructivetoplottherdativemagnitudeofthese * use^Uhdn^ ^mcrease tne gam cv ennir- 

on the detector as in FlQ. 3A. Shot noise vanes Im- £ proportional to the square of the optical 

early with detector optical power and is thus shown as ^ ^ d ^ ^^Siearly with optical 

adotted lhnehavmgaslopeofone(the y-«sisloganth. 30 £ Consequently, in the shot-noise limited operat- 

mic). RIN varies as the square of detector optical power . ^| ' . _*r" r~ „„ 

and is shown as a line having a slope of two. Three »» .region, when the shot noise is reputed by an 

different cases are plotted for RIN level, -140dB/Hz, equivalent no.se source at the input of the Imk, the 

_ 160 dB/Hz, and ideal or no RIN. Thermal noise ap- n«gmtude of the effective shot noise decreases with 

pears as a constant. The detector slope efficiency is 35 ^easing optical power in an frtenudly modulated 

assumed to be 0 8 constructed in accordance with the invention. 

At the link output, the sum of all three noise sources II R f™» ?} tC f on <? ^T^^^ 

is present; accordingly the mean-square sum of all three ^ uded to ™ he d«cussion of FIG. 5A that the moduh- 

noL sources for ea^ tor's sensitivity is preferably sufficiently small so that 

are also plotted for reference. 40 the shot noise can dominate. ______ 

It is evident from FIG. 5A that for low optical input . FIG - « sho ™ a measurement of link transfer em- 
powers, in the range of 100 uAV and lower (typical of ciency versus frequency. Theelectncal output power of 
prior art externally modulated links), the total noise at the link was ; measured immediately after the photode- 
ihe link output is dominated by the detector thermal tector 22 (FIG 1). The measure of optical power of Ae 
noise. Under these conditions, the laser's RIN would 43 photodetector depends upon the operating mode of the 
have to be quite large in order to make a measureable The optical power was measured with the modula- 
contribution. At about 1 mW of optical input power, tor set at the bias point about which modulation is ap- 
shot noise begins to dominate the thermal noise, but P»ed. No electronic amplification was included for 
shot noise is observable only if the RIN is low or negli- these measurements. 

gj blCt 50 As shown in FIG. 6, RFo«f/RF/jvin dB is about 1. As 

For digital signal transmission, a useful measure of indicated above in this specification, the laser power for 

the effects of noise is the signal-to-noise ratio (SNR). this net gain is 55 mW and V ff of the modulator is 650 

FIG. 5B is a plot of the ratio of the square of the large- mV. 

signal detector current to the sum of the squares of the A link gain of approximately 1 dB is evident over a 

noise currents, versus optical power on the detector, for 55 wide bandwidth when the input to the modulator is 

each of the three RIN situations shown in FIG. 5A. terminated with a 50 O resistor. The 3 dB bandwidth 

With no RIN, the thermal noise and shot noise domi- was about 150 MHz (not shown in FIG. 8), 

nated regions are clearly evident As RIN increases, the Thus, for low-to-moderate electrical frequencies and 

upper limit of shot noise dominated SNR is affected moderate to high optical bias power, the externally 

first, with further increases in RIN resulting in further 60 modulated optical link can provide lower insertion loss 

limits in the shot noise-dominated range as well as limits or actual insertion gain, and less noise than a directly 

in the thermal noise-dominated range. modulate link. 

FIG. 5C is a plot of the link noise figure with all of The foregoing description has been limited to a spe- 

the noise sources located at the input. This measure is cific embodiment of this invention. It will be apparent, 

most useful when the minimum detectable signal level is 65 however, that variations and modifications may be 

important, as in an electromagnetic field sensor applica- made to the invention, with the attainment of some or 

tion. In this instance the noise figure is plotted versus all of its advantages. Therefore, it is the object of the 

detector optical power. The ultimate limit is set by the appended claims to cover all such variations and modifi- 
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cations as come within the true spirit and scope of the 
invention. 
What is claimed is: 

1. A link for providing a communication path f r an 
electrical signal between an electrical signal source and 
an electrical signal receiver, the link comprising: 

an optical source for providing light; 

an ptical modulator having an ptical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing modulated 
light; 

a photodetector, having an optical input port for 
receiving the modulated light, and having an elec- 
trical output port connected to said receiver for 
providing a detected electrical output signal; 

means for efficient coupling of the modulated light to 
the optical input port of the photodetector; and 

said optical source having a power level, and said 
modulator having an electrical-to-optical sensitiv- 
ity in combination such that the electrical transfer 
efficiency between the electrical input port of said 
modulator and said electrical output port of said 
detector is greater than one. 

2. A link as in claim 1 wherein the means for efficient 
coupling of the modulated light additionally comprises 
an optical fiber, having one end connected to the optical 
modulator output port, and the other end connected to ^ 
the photodetector optical input port. 

3. A link for providing a communication path for an 
electrical signal between an electrical signal source and 
an electrical signal receiver, the link comprising: 

an optical source for providing light; 

an optical modulator having an optical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing modulated 40 
light; 

an optical fiber for carrying the modulated light; 
a photodetector having an optical input port for re- 
ceiving the modulated light from the optical fiber, 



10 



15 



20 



25 



35 



and an electrical output port for providing a de- 45 prising: 



tector optical input power input level is greater than 
one milliwatt 

8. A link as in claim 3 wherein the electrical signal 
source is an electromagnetic field sensor. 

9. A link f r providing a communicati n path f r an 
electrical signal between an electrical signal source and 
a plurality of electrical signal receivers, the link com- 
prising; 

an optical source for providing light; 

an optical modulator having an optical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing a modulated 
light wave; 

an optical fiber for carrying the modulated light 
wave; 

means for providing a plurality of power-divided 
modulated light waves at a plurality of optical 
output ports, each power-divided modulated light 
wave having a fraction of the power of the modu- 
lated light wave; 

a corresponding plurality of photodetectors, each 
photodetector having an optical input port for 
receiving a power-divided modulated light wave 
from a corresponding optical output port, and each 
photodetector having an electrical output port for 
providing a detected electrical output signal to a 
corresponding one of said electrical receiver; and 

said optical source having a relative intensity noise 
sufficiently low, and output optical power suffi- 
ciently high so that the sum of optical power inci- 
dent at the plurality of photodetectors is such that 
if the same optical power level were received by a 
single photodetector, the effect of the laser's rela- 
tive intensity noise (RIN) at the single photodetec- 
tor would be less than the sum of a shot noise level 
of the single photodetector and a thermal noise 
presented to the single photodetector by the load 
impedance of a single electrical receiver, whereby 
the noise characteristics of said link are improved. 

10. A link for providing a communication path for an 
electrical signal between an electrical signal source and 
a plurality of electrical signal receivers, the link cora- 



tected electrical output signal to the electrical re- 
ceiver; and 

said optical source having a power level and a suffi- 
ciently small relative intensity noise (RIN), such 
that the effect of the laser's relative intensity noise 50 
(RIN) at the photodetector is less than the sum of a 
shot noise level of the photodetector and a thermal 
noise presented to the photodetector by the load 
impedance of the electrical receiver, whereby the 
noise characteristics of the link are improved. 55 

4. A link as in claim 3 wherein said optical link exhib- 
its a transfer efficiency greater than one. 

5. A link as in claim 3 wherein the optical source has 
a power level such that the effect of the laser's relative 
intensity noise (RIN) at the photodetector is less than 60 
the sum of a shot noise level of the photodetector and 
the lesser of a thermal noise presented to the photode- 
tector by the load impedance of the electrical receiver 
and the equivalent input noise of the electrical receiver. 

6. A link as in claim 3 wherein the photodetector is a 65 
positive-intrinsic-negative (PIN) photodiode. 

7. A link as in claim 3 wherein the utput power of 
the optical source is sufficient high so that the photode- 



an optical source for providing light; 
an optical modulator having an optical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing a modulated 
light wave; 

an optical fiber for carrying the modulated light 
wave; 

means for providing a plurality of power-divided 
modulated light waves at a plurality of optical 
output ports, each power-divided modulated light 
wave having a fraction of the power of the modu- 
lated light wave; 

a corresponding plurality of photodetectors, each 
photodetector having an optical input port for 
receiving a power-divided modulated light wave 
from a corresponding optical output port, and each 
photodetector having an electrical output port for 
providing a detected electrical output signal to a 
corresponding electrical receiver; and 

said optical source having an output optical power 
and said modulator having an electrical-to-optical 
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sensitivity in combination such that an electrical 
transfer efficiency defined as the sum of the electri- 
cal power at the electrical utput ports of said 
photodetectors divided by the electrical power at 
said electrical input port of said modulator is 
greater than one. 
11. A link for providing a communicati n path for an 
electrical signal between an electrical signal source and 
a plurality of electrical signal receivers, the link com- 
prising: 

an optical source for providing light; 

an optical modulator having an optical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing a modulated 
light wave; 

an optical fiber for carrying the modulated light 
wave; 

means for providing a plurality of power-divided 
modulated light waves at a plurality of optical 
output ports, each power-divided modulated light 
wave having a fraction of the power of modulated 
light wave; 

a corresponding plurality of photodetectors, each 
photodetector having an optical input port for 
receiving a power-divided modulated light wave 
from a corresponding optical output port, and each 
photodetector having an electrical output port for 3Q 
providing a detected electrical output signal to a 
corresponding electrical receiver; and 

said optical source having an output power so that 
the ratio of optical power in the modulated optical 
wave to input electrical power available from the 35 
electrical source is sufficiently high so that shot 
noise limited performance is observed in an equiva- 
lent single photodetector that receives the same 
input power as the sum of the optical powers inci- 



10 



15 



20 



25 



dent on the plurality of photodetectors, whereby 40 comprising: 



an optical fiber for carrying the modulated light 
wave; 

a photodetector having an optical input port for re- 
ceiving the modulated light wave from the ptica] 
modulator, and an electrical utput port for pro- 
viding a detected electrical utput signal to the 
electrical receiver; and 

said ptical source having a power level, such that 
the equivalent noise of the laser's (RIN) at the 
photodetector is less than the sum of a shot noise 
level of the photodetector and a noise level pres- 
ented to the photodetector by the load impedance 
of the electrical receiver, whereby the noise char- 
acteristics of said link are improved. 

13. A link as in claim 12 wherein the laser emits a light 
wave having a wavelength of about 1.3 microns. 

14. A link as in claim 12 wherein the laser RIN is less 
than — 165 dB/Hz. 

15. A link as in claim 12 wherein the laser is a neo- 
dymium yttrium aluminum garnet (Nd:YAG) laser. 

16. A method for operating a communications ink 
comprising the steps of: 

generating light from an optical source, said light 
having a specified D.C. power level, 

coupling said light having said specified D.C. power 
into a modulator having a specified electrical-to- 
optical sensitivity, 

modulating the light using said modulator by input- 
ting to said modulator an electrical input signal 
having an input power level RF/m 

transmitting the modulated light to a detector, 

generating at the detector in response to the modu- 
lated light an electrical output signal having a 
power level KFout* 

said specified DC power level being sufficiently large 
and said specified electrical-to-optical sensitivity 
being sufficiently small in combination so that 
RFoj/r/RF//vis greater than one. 

17. A method for operating a communications link 



the noise characteristics of said link are improved. 

12. A link for providing a communication path for an 
electrical signal between an electrical signal souce and 
an electrical signal receiver, the link comprising: 

a laser having low relative intensity noise (RIN) for 45 
providing a high-powered light wave; 

an optical modulator having an optical input port for 
receiving the light wave from the optical source, 
an electrical input port for receiving the electrical 
signal from the electrical signal source, and an 50 
optical modulator output port for providing a mod- 
ulated light wave; 



generating light having a specified D.C. power level, 
modulating said light in modulation means with a 
specified electrical-to-optical sensitivity in re- 
sponse to an electrical input with a power level 
RF/jv, 

transmitting said modulated light to detecting means, 
at said detecting means, generating an electrical out- 
put with a power level RFout, 
said specified D.C. power level and such electrical- 
to-optical sensitivity in combination being such 
that RFoc^r/RF/^ris greater than one. 
• • * • • 
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ever, insertion losses less than 30 dB, have not been 
OPTICAL LINK bserved in practical externally modulated ptical links. 

Thus, even when external modulation is used, existing 
STATEMENT OF GOVERNMENT INTEREST optical links usually exhibit low transfer efficiency, 
This invention was made with U.S. Government 5 whether transfer efficiency is defined as the ratio of link 
support under contract number F19628-85-CO0O2 output electrical power to link input electrical power, 
awarded by the Department of the Air F rce, The U.S. as in the case of analog links intended t carry analog 
Government has certain rights in this inventi n. signals, or as the ratio of output current to input current, 

This is a divisional of co-rjending application Ser. No. as in the case of digital links. 
07/411,077, filed on Sep. 7, 1989, now abandoned. 10 The transfer efficiency problem can be overcome 

somewhat by using an electronic amplifier at the re- 
FIELD OF THE INVENTION ccjver side of the link, or by using an avalanche photo- 

This invention relates generally to optical communi- diode or photomultiplier as the detector. In some appli- 
cations and more specifically to an externally modu- cations, such as cable television, where a number of 
lated optical link exhibiting efficient transfer of electri- 15 detectors are necessary, the expense of such an ap- 
cal power, low noise figure, high dynamic range, and proach is undesirable and may be prohibitive, however, 
high signal to noise ratio without the use of electronic Because the optical fiber medium itself provides in- 
a mplifier s, ph otomultipliers, or avalanche photodetec- creased efficiency in transferring light from the laser to 
tors. ' the photodetector, it is quite common to reduce the 

BACKGROUND OF THE INVENTION ^ am0unt of ^P ui lascr P^"" «* much 85 POSSfek- °P m ^ 

BACKGROUND OF THE INVENTION ^ ^ lowcr pQwer kvcls h ^ by histori- 

Fiber optic communication links are increasingly cai concerns, dating back to the design of early free 
used in a variety of el ectric signal transmission applica- space optical systems, that in the interest of efficiency, 
tioiK ranging from cable television distribut ion, teler sucn systems should operate at low power levels. See 
communications, elccttomafaictic l Jteld-jensors, and 25 p,^ w . k., Laser Communications Systems, (New 
raSSr. A prime motivation for using these links is that Y ork: John Wiley & Sons, 1969), p. 16. Thus although 
thToptical fiber traiismission medium offers significant power lasers ^ bccn ^ ^ frce space 

advantages such as high bandwidth, low loss per unit communications systems and bulk-type, low 

length, immunity to electromagnetic interference, and cfficicncy modulators, there has seldom been an attempt 
low weight Unfortunately, many of these advantages 30 ^ ^ ^ ^ of lasere m optical fiber 

are not realizable in practice because of limitations in 1^ 

the electrical-tc-optical and optical-to^lectrical con- i nccrtain applications, low optical power is used 
version process. because of modulator stability problems in short wave- 
To understand why this is so, consider one type of lcnphssuchas 100 microwatts (pW) at a wavelength of 
opucal hnk wherein information is impressed ^ a 35 830 ^ omctcrs (nm) or ^sTof limited power avail- 

ssa , is, ve &°?S'^s ,,f » ■>* <*» »« «*» » < — » w • '» 

Se m for^^ %ius many prior art optical fiber Hnks typically op- 

However! direct moduladon optical links have not 40 "J ;* fairly low opticalpower ^^^J^ 

been as widely accepted as their original proponents <>f historic reasons or because of practical consider- 

had expected. Where such links are to be used in place ations. , „ . 

of a coaxial cable analog systems designers typically Existing rationale thus appears to be that thereishttle 

prefer links exhibiting efficient transfer of electrical advantage to increasing the optical power in optic fiber 

power, low noise figure, and high dynamic range. Digi- 45 links beyond the mdhwatt power level, in spite of the 

£l systems designers typically prefer high signal to theoretical teaching that link transfer efficiency ■ im- 

noise ratio, low bit error rates, and efficient transfer of P">ves with the square of optical power An optical hnk 

input current to output current, to enable high fan out. exhibiting net electrical power gam has never been 

All of these features have heretofore been difficult to demonstrated. 

achieve with optical links. 50 Theoretical calculations of others, such as in Bulmer, 

For example, although the loss of the optic fiber itself C. H. and Burns, W. K., "Linear Interferometnc Modu- 

may be less than I decibel per kilometer <dB/km), the lators in Ti:LiNb03" f IEEE Journal of Lightwave Tech- 

electrical-optical-electrical conversion process typi- nology. (New York: Institute of Electrical and Elec- 

cally results in a zero-length link insertion loss of 30 to tronic Engineers), Vol. LT-2, No. 4, August 1984, pp. 

50<jB. 35 512-521, iaipiy that a& impsrovciatsi u Ifck dyimalc 

In another type of system, the laser is operated at a range will be observed with an increase in optical 

constant power level, and an optical modulator is cou- power. See also Cochran, S, R., "Low-Noise Receivers 

pled to the laser output. This so-called external modula- for Fiber-Optic Microwave Signal Transmission", 

tion approach does have some advantages. For exam- IEEE Journal of Lightwave Technology, (New York: 

pie, it allows the use of a laser that emits light at a fixed 60 Institute of Electrical and Electronic Engineers), Vol 

optical power level, thereby efoninating concern over LT-6, No. 8, August 1988, pp. 1328-1337, wherein the 

the laser's linearity. sources of noise in an optical link receiver are discussed 

Known theory predicts that the ratio of the output and mathematical relationships for their relative ampli- 

electrical power to the input modulation signal power tudes are derived. However, neither of these references 

depends upon the square of the optical power available 65 shows how to achieve shot-noise limited performance 

at the output f the modulator. See generally Gagliardi, in an externally modulated optical communications 

R. M. and Karp, S., Optical Communications, (New system without using an electr nic amplifier, avalanche 

York: John Wiley & Sons, 1976), pp. 141-155. How- photodiodc detector, or photomultiplier. 
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What is needed is a way to improve electrical to efficiency f the link increases as the square of the opti- 
electrical transfer efficiency of an optical link, as well as cal bias power. Thus, the contributions of shot noise to 
it other operating haracteristics. The improvement link input noise can in principle be suppressed to arbi- 
thould be such that optical links are attractive in a broad trarily low levels. 

range f signal transmission applications, such as cable 5 The net effect is significant because the equivalent 
television distribution, telecommunications networks, noise f this type of externally modulated link is signifi- 
ed electromagnetic sensing. cantly less than that of a directly modulated link. This, 
The approach should be simpler and less costly than in turn permits a larger intermodulauon-free dynamic 
present techniques such as active electronic amplifiers range, notwithstanding that at the same optical modula- 
or avalanche photodetectors. 10 tion depth the third-order distortion of an external mod- 
It is also desirable to provide a mechanism for in- ulator is greater than that of a direct modulated laser 
creasing the transfer efficiency of an externally modu* diode. 

lated optical link by increasing sensitivity of the optical h digital signal transmission applications, a higher 
modulator, without necessarily decreasing the link's peak output electrical current is typically available for a 
electrical bandwidth. 15 given amount of input electrical current 

SUMMARY OF THE INVENTION ^° addition, since transfer efficiency is obtained with- 

' _ . _ „ . out using an electronic amplifier, the link exhibits far 

Briefly, an externally modulated optical link con- ^ distortion than links which require electronic 
structed in accordance with the invention includes a pregmpiif^tion, especially where a sufficiently distor- 
mgh-power, low-noae, continuous-wave light source 20 tion _ free Uficr fc or imp^^ca] to use. 

such as a laser, a high-sensitivity optical modulator, an 

optical fiber, and an optical detector. An electrical sig- BRIEF DESCRIPTION OF THE DRAWINGS 
nal source provides an electrical mput signal to an elec- ^ ^ fiirtncr ^ yfmtxlg ^ of ^ invention 

J? 0 * W ? ta ?f " ?J "? y " „ ™y ** better understood by referring to the following 

modulates Ae hght output from Ae laser, ^ereby pro- 25 ^ tion m 0^^^ with the accompanying 
viding a modulated light wave. The optical fiber trans- drawing in which- - 
mits the modulated light wave to a destination location n ^ f ^ communica- 

HRHt wave and gyito 8ystcm v*™ 1 ™** m accordanCC wth ±c mvcn - 

eJ ^^^a^^ityndse(RIN)is P referably ^ . FIG. 2 is a block d*^ 

negligible at the high optical power levels of interest, ™*** on *> r ■? ****** « *bk Revision 
when compared to toe {hernial noise originating from * he " ™ clectxu^ signal must be distnbuted to a num- 
the electrical output load at the photodetector and the berof remote locations; 

inherent photodetector shot noise. In other words, the 35 ^ 3 » * schematic diagram of an mterferomctnc 
laser's optical power and RIN are preferably selected modulator of the type used with the invention; 

such that the shot noise of the photodetector is the FIG. 4 is a plot of optical output power versus optical 
dominant source of noise at the output end of the link. P 03 ^ difference for the optical modulator; 

In addition, the link exhibits electrical transfer efli- FIGS * 5A » », and 5C, respectively, are plots of the 
ciency in excess of one, or net electrical signal gain, 40 ^tive Power of noise sources at the output end of the 
with outihe use of electronic or ^i^ ) amp Hfi m nc link, signal to noise ratio of the link, and link noise at the 
activedetectors suc h as av ala nche photodiodes . The. hnk input; 

luiFSSITtmis acts as an mpTifier. ' ^ FIG- * is a plot of electrical-to-electrical transfer 

'T5epreferred optical modulator is of the Mach - efficiency versus frequency with a resistive matching 
Zend er type ; however, any modulator for which the 45 circuit 

optical a .c3fl^^ t Q tnc dectricgU DETAILED DESCRIPTION OF ILLUSTRATIVE 
inpur yoltage^r current, EMBODIMENTS 

The detector can be a simple positive-intrmsic-nega- 
tive (PIN) photodiode. Turning attention now to the drawings more particu- 

There are several advantages to this arrangement 50 tody* there is shown in FIG. 1 one embodiment of an 

Significantly improved electrical transfer efficiency is optical communication link constructed in accordance 
observed. Even electrical signal gain can be achieved in with the invention. The link includes a continuous wave 
an optical link without using electronic amplifiers, (CW) light source 10, an el ectro-optical modulator 14, 
phoiomutipiiers, or avaiache photodiodes. au electrical modulated signal source 16, a light sensi- 

The link transfer efficiency, noise figure, dynamic 55 tive detector 22, and an electrical signal receiver 24. 
range, and signal to noise ratio all improve with increas- Light output from the light source 10 is coupled to an 
ing laser power, the link transfer efficiency and noise optical input port of the modulator 14 via an input opti- 
figure also improve with increasing modulator re- cal fiber 12. The modulator Mjnt^ity-modul&t^ ftp 
spouse, lig ht at its opticaTlnmit port in accordance with th e 

For example, the electrical-to-elcctrical transfer effi- 60 vari ations in an elec trical sig nal applied to its electrical 
ciency increases as the square of the improvement in input port to produce a mod uhted light „wny.e,Jlt its 
modulator sensitivity and/or input optical power. Thus, optical output port. T^IcTIght output from the optical 
by increasing the amount of optical input power, the modulator" aFthe optical output port is coupled to an 
transfer efficiency f the link can be bcreased. ptical input port of the photodetector 22 via an output 

The link noise figure also impr ves with increases in 65 optical fiber 20. 
the bias optical power available at the modulator output The electrical signal source 16 provides a modulated 
per unit amount of electrical power applied to the mod- electrical input signal via an electrical waveguide such 
ulator's electrical input This is because the transfer as a coaxial cable 17. The electrical input signal may be 
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directly connected to an electrical input of the modula- preserving single mode fiber is preferably used for the 
tor 14. input fiber 12. One such fiber is the optical fiber mar- 

A cable 23 couples an electrical output signal from keted under the trade name Coreguide PRSM by Cor- 
the photodetector 22 to the electrical receiver 24. ning Glass Works, Corning, N.Y. In that instance, the 

The link thus pr vides a communication path be- 5 output fiber 20 can then be any convenient type of 
tween the signal source 16 and the signal receiver 24. ptical fiber. 

In some applications, the input components including With the optical power level at the input of the mod- 
light source 10, modulator 14. and even electrical ulator at approximately 55 mW, the measured optical 
source 16 may all be fabricated on the same substrate. power at the input to detector 22 was about 11 mW 

In this arrangement, the output power available from 10 vvith a fairly short output fiber 20. For these power 
the light source 10, its inherent noise level, the sensitivi- levels, the fiber lengths can be as long as approximately 
ty of the modulator 14, and noise power levels are such 400 meters (m) for the input fiber 12 and 10 kilometers 
that certain signal and noise level conditions exist at the f or fa e output fiber 20 before any power-limiting 

photodetector 22. These conditions are discussed in effects of the fiben themselves is observed, 
detail below. 15 The photodetector 22 is preferably a semiconductor 

FIG. 2 shows how the invention is preferably em- positive-intrinsic-negative (PIN) photodiode, such as 
bodied in an electrical signal broadcast apparatus, such ^ inQaAs photodiode model number QDEP-075-001 
as may be used in a cable television or telecommunica- manufactured by Lasertron Corporation of Burlington, 
tions network application. Here, the electncal signal Mgss 

from the electrical source 16 is broadcast to a number 20 ^ electrical 16 md el ectrical receiver 24 are 
of sites 30a, 306, . . . , and 30/i. typically electrical amplifier s in analog signal applica- 

At an exemplary site 30a there is located an optical tio nj T in dipkl appli^tron? thej/ are^n^^ro^te 
tap 26a. a photodetector 22a and an electrical receiver digta! circuirc^nwlonents such SbSKr/dri versTr^^ 
24a The optical tap 26a provides a percentage of the ev^olffe^ 

optical energy received from the output fiber 20 to a *5 to ^^^^--■'■-^^«-'*^«-«~ — a^*-*.^^ 
local fiber 28a Fiber 28a in turn provifo fa rnodu- The p referred modulator 14 is fabricated on an x-cut 
lated light 1 signal to the ^^^^g^j^^ lithium mobate (LiN bQ 3 ) substrate as a Mach-Ze ndS 
^Hg^ titanlum^u^^veg^e mleVferom'eleT.X^- 

C 4^^T^T „„h in„ cimii.riv orron^ 30 Mfi c]l^ramjrf^^ This modu- 1 

Other sites 30ft , and 30« have similarly arranged » i ato riTfficIuaes a pair of peripheral electrodes 141 and 
taps 26ft ... , and 2fe local fibers 28ft . . . and 28*, U2 disposed on oppositc Mes of a central electrode 
photodetectors 22ft ... and 22* and electncal receiv- 143 xhVelectrodes^re of a length L. A modulato r 
en 1 24ft . ... and lAn, respectively. optical wav eguide receives ligh t o n aninput]»d"lfc 

In this arrangement, certain noise and signal leve jro^^X^ Zr^^ mbTulated hiht at aT 
^■r^^^yif^ out bid 148. Between the two ends 144 and 148 A e 
power incident at the photodetectors 22a 22ft and j JsSSSm^ S ^^^^%ii^ of interfer l 
22* is large enough so that the proper si^and noise ^^^jJ^S lu TSsX aund a cor- 
level conditions are present, as will be described. .* , , , , - . 

Optical links in accordance with the invention de- responding side of the cen^ electrode 143 t adjacent a 
picted in FIGS. 1 and 2 exhibit several advantageous 40 corresponding peripheral electrode 141 or 142 and then 
electrical operating characteristics not previously at- J"* *"» at ^ ^P ut cnd 

tainable withoptical links. For example, they are capa- pcnpheral electrodes are connected to an .electncal 
ble of an electrical transfer efficiency greater than one groundjg^ence voltage, and an elec^ in^ut ^ 
(i.e., net electrical signal gain), electrical noise figure at fffg^*^ 

least 20 dB better than prior art links, high signal to « field thus produced m m&ufitorTHf provides tan optical 
noise ratio, and low intennodulation distortion. Ph^tftaeSS^^ 

To understand how this is accomplished, first con- *rmsJ£JThe frequency of the electncal mput signals 
sider the components of the optical link of FIG. 1 more *PP lied 10 Mach-Zender modulator 14 is low 
particularly. The light source 10 couples a light wave of enough so that the optical transit time through the mod- 
a constant power level to the input optic fiber 12. In the 50 ulator 14 is not a consideration, 
preferred embodiment, light source 1 0 is a diode- 10 toe embodiment being described, the electrodes 
pumped, nexaymrngT J^ g iigtt — aTumrnS garneT 1*1 and 142 were made of gold, had a length L of 55 
(Nd:YAG| la»Oi&,tj£OUEles opflcal r^gLaDl ^ ^ a spacing between central and peripheral 
mtfbwftts electrodes equal tc the waveguide width. 

1.32 rmcrorisjQjyQi), with a relative intensity noise (RIN)^ For a more detailed discussion of the fabrication of 
less "that" "approximately —165 decibels per* hertz such a modulator 14, refer to the paper by Becker, R. 
(dB/Hz) near the operating electrical frequency of the A., "Broad-Band Guided-Wave Electro-optic Modula- 
link (60 megaHertz (MHz) in the embodiment being tors", in IEEE Journal of Quantum Electronics, Vol. 
described) One such laser is the Model ALC-1320-75P QE-20, No. 7, July 1984, which is hereby, incorporated 
laser manufactured by Amoco Laser Corporation of 60 by reference. 

Napierville, 111. The effect of the input voltage applied to the modula- 

Other types of light sources 10, su ch as semiconduc- tor upon the optical phase difference is characterized by 

tor , lasers, tan also ^ V*, the voltage required for ir radians of optical phase 

output optical power and RIN.are^s^hTtffi shift. The relationship between optical phase shift <$> and 

noise and signal level conditionaaxejtnie at the^dejecj&r 65 input voltage Vf« is thus given by 

22, as explained below. 
The optical fibers 12 and 20 are chosen depending 

upon the type of modulator 14 used. If the modulator 14 

is polarization-sensitive, an appr priate polarization- '* *' 
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V* was approximately 650 mV in the esse of a 50 ft a link designed for transmission of digital signals, they 

resistive impedance matching element at the electrical are normally measured as a ratio of power in the ON 

input The capacitance of the input electrodes was ap- state to power in the OFF state.) 

proximately 39 picofarads (pF). The significance of F r a derivation f the above relationships for output 

these specifications will be evident later in this discus* 5 optical power from the modulator, see the papers au* 

sion. thored by the inventors, including (1) Berts, G. E., 

Other types of modulators may be used, as long as the Johnson, L. M, and Cox, C H., "High-Sensitivity 

optical power output by the modulator is proportional Bandpass RF Modulator in UNb03'\ Integrated Optica! 

to the optical power input to the modulator times a Circuit Engineering VI, (Beliingham, Wa.: Society of 

factor F, where F is independent of the optical power io Photo-optical Instrumentation Engineers, 1988), Vol. 

input to the modulator, and F is a function of the electri- 99^ p „ U(M 16 . (2) q>x. C H., Johnson, L. M., and 

cal mput current or voltage. The modulator 14 must G « A Theoretical and Experimental Compar- 

also have sufficient sensitivity so that certain signal and ^ of Dircct iy and Externally Modulated Fiber-Optic 

noise level conditions are met at the detector 22, as Lmks" 1989 IEEE MTTS Digest, (New York: Institute 

described below. These conditions can be made to hold 15 ^ Hectrical and Electronic Engineers), pp. 689-692; 

true for certain other modulator types presently known (3) JohnsQ L M « Rclative Performance of Imped- 

in the art, such as directional coupler modulators, syn- ^Mg^ Lumped-Element and Travelling-Wave 

chronous direcdonal coupler modulators, and wave- fat egrate4-OpticaI Phase Modulators-, IEEE Photonic 

guide cutoff modulators. • . Technology Letters, (New York: Institute of Electrical 

Foramore complete treatment of how the mvention 20 Md Elec^onic Engmeers) Vol. 1 No. 5, 1989; (4) Betts, 

c^alsoimprove Reoperation of traveling waveguide ™ bTjSS SS. Cox, C H., and Lowney, '«High^ 

Modulator^ in Uthium Niobate", Proceedings of the w^To^St ^ 

Conference on Integrated Guided Wave C^89,Hous- 25 ? ^K^"^ 

ton, Tex., Februa?, 1989, which is hereby incorporated ™ ™ d °- Intc ^ 

by reference Analog Links", Military Fiber Optic Conference, Los 

Returning'to the discussion of the preferred Mach- Dc ? mber ' 1988 ' * of which m hereby 

Zender interferometric modulator, as shown in FIG. 3, incorporated by reference, 

the onti cal phase differs imp osed in the pair of 30 ™ff Pf^ ^ ^V*? 5?? ? T? 

ar ms 14 * produces a T c o sinusoidal intensity vanation in modd <* eternally modulated link including laser, 

the-roHcjL^ ! xtcrn ^ modulator and pm photodiode. The model can 

The^S^e?^^ * J** to predict the effects of device parameters, such 

modulator is proportional to the optical output modula- M lascr P° wcr *** modulator sensitivity, on such link 

tion depth, M, which in turn depends upon the input 35 P*"*mete« transfer efficiency, insertion loss, noise, 

modulation depth, <f>m. For analog operation, the modu- and dynamic range. 

lator 14 is preferably biased near a half-power. or linear A kcv findm S from thcsc mathematical models was 

bias point at ir/2 radians to insure that the resulting for externally modulated links of the type shown in 

output optical modulation depth M is approximately 1 md 2 usin 8 ^ modulator of FIO. 3, electrical 

equal to the input modulation depth <f> m . This not only 40 transfer « fficicnc V » proportional to the square of the 

maximizes electrical sensitivity but also eliminates even OP 1 "* 1 bias P° wer » p ' /2 ' of the modulator sensitiv- 

harmonics as well as even intermodulation products at particular, the modulated optical power available 

the link output. at ^ output of the link, that is at the input to detector 

For an externally modulated link using Mach-Zender » of FIG. 1, or at the input to the first tap 26a of FIG. 

interferometric modulators of the type depicted in FIG. 45 * is Proportional to the square of the optical power at 

3, the inventors have demonstrated that the output toe input of the link and the reciprocal of modulator's 

modulated optical power available from the modulator v * : 
is given by 

A)=(iV2)[l +cos(tr VE/V m )\ 50 



Pinja a 



where p 0 is the output optica] power, P/ is the input 
continuous optical power level, V w is the voltage of the where p,v, lfl is the electrical power available at the input 
input electrical signal and V* is the voltage applied to ro che modulator. Thus, externally modulated Hfc&s of 
the modulator. 55 this type have a distinct advantage, since the amount of 

If the applied voltage comprises a modulation voltage optical power available at the output is independent of 
V m superimposed on a bias voltage V A i.e., the light source's efficiency and depends primarily upon 
V£=V m +V* ( and if V J =V <r /2, then output power of the input optical power level and the modulator's V*. 
the modulator is given by: While the invention has heretofore been described by 

60 giving fairly specific operating parameters and device 
£L ~*[_ Vm specifications for a particular embodiment, knowledge 

° m 2 v 9 of the above optical power relationship gives further 

insight into the general conditions under which efficient 
where V m is the modulation depth of the electrical input transfer of electrical power, and low insertion loss, 
signal. 65 In particular, consider the sources f noise at the 

(In the case of a link designed for transmission of photodetector 22. These noise sources are of two types, 
analog electrical signals, the powers P 0 and P, are nor- including input noise sources at the input end of the link 
mally measured as average power levels; in the case of (i.e., the laser and the modulator), and output noise 



01/07/2004, EAST Version: 1.4.1 



, W87.212 M 

sources at the output end f the link (i.e., the detector 22 thermal noise of the resistive component of the modula- 

and the load impedance presented to the detector by the tor input impedance. The effects of RIN are clearly 

electrical signal receiver). evident; the RIN sets a n ise figure floor that can be 

To determine their effect on the noise level at the significantly higher than the input thermal n ise floor, 

output end of the link, input noise sources must be "re* 5 As a result f these examinations of link performance, 

ferried f rward" to the output end of the link. At the it is evident that the laser should be selected so that the 

output end of the link, the three dominant noise sources equivalent noise effect f its RIN at the detector 22 is 

include (1) photodetector shot n ise, which varies di- less than th sum of the d tector shot n ise and the 

rectly as the amount of optical power received by the detector load impedance n ise. 

detector, (2) laser relative intensity noise (RIN) which 10 \\ should also be noted that with some electronic 

depends upon the type of laser and its operating condi- amplifiers, the thermal noise is dominated by the equiv- 

tions, here it is assumed that RIN is independent of dent input noise, and thus that is the proper measure of 

optical power at the link output-— consequently its ef- load impedance noise. 

feet at the detector is to increase as the square of the a system having a plurality of detectors, such as 

optical power and (3) the detector load impedance noise 15 shown in FIG. 2, the sum of the optical powers incident 

presented to the detector 22, such as the equivalent on ^ oftht detectors 22^ 22fc . , . , 22n should be high 

noise presented by the input amplifier in the electrical enough so that if a single detector was present at the 

receiver 24 (which is assumed in the following analysis reC eiver end of the link, it would be shot-noise limited, 

to be the so-called Johnson, or thermal noise presented However, for the externally-modu lated link in accor- 

by a 50 ohm resistor, and thus is independent of optical 20 dance witn~lhe inycnhpn, the transfer efaciency, jn- 



power). The effects of other input noise sources such as creSs^ linearlv with input optical^ower. ElertnL. 
very high modulator sensitivity, high noise current in 8i gnal gain is observed "with laser powers in excesslTf 
the input electrical signal, and so-called modulator ther- approlSaTs^mjEZ^ ' " 



mal noise, are assumed to be negligible in this discus- _ Q f ^u^; ph o to mulu pliers and amplifiers can be 

a ° n . . , . . . . , used w i th the inventio n to Increase the gain even fur* 

It is instructive to plot the relative magnitude of these f^r ■ 

ndse sources as a funcdW previously mentioned, in the externally modulated 

on the detector, as in FIG. 3A. Shot noise vanes hn- * is proportional to the square of the optical 

early with detector optical power and is thus shown as w J the shot noise mcreases Nearly wiA 

a dotted Ime having aslope of one (the y-axis « loganth- 30 £ Consequently, in the shot-noise limited o^erat- 

mic). RIN vanes as the square of detector optical power . ^ 7/' "u^llj-L ;» lT 

and is shown as a line having a slope of two. Three ^ . re ? ° n ' whcn thc ™* Zl ^^ Z 

different cases are plotted forRIN level, - 140 dB/Hz, nois f ^^1SJ^£ 

- 160 dB/Hz, and ideal or no RIN. TTiermal noise ap- magnitude of the effective shot noise decreases with 

pears as a constant. The detector slope efficiency is 35 ^creasing opUcal power in an externally modulated 

assumed to be 0 8 link constructed in accordance with the invention. 

At the link output, the sum of all three noise sources f^ ion * 

is present; accordingly the mean-square sum of all three to in he discussion of FIG . 5A that th | modula- 

noisesources for each of thethreellustrated RIN levels tor's sensitivity is preferably sufficiently small so that 

are also plotted for reference. 40 the shot noise can dominate. 

It is evident from FIG. 5A that for low optical input . ^G. 6 shows a measure* of hnk transfer effi- 

powers, in the range of 100 uAV and lower (typical of ciency versus frequency. Theelectncal output power of 

prior art externally modulated links), the total noise at the link was ; measured immediately after the pbotode- 

the link output is dominated by the detector thermal tector 22 (FIG 1). The measure of optical power oftiie 

noise. Under these conditions, the laser's RIN would 45 photodetector depends upon the operating mode of the 

have to be quite large in order to make a measurable Imk. The optical power was measured with the modula- 

contribution. At about 1 mW of optical input power, tor set at the bias point about which modulation is ap- 

shot noise begins to dominate the thermal noise, but P"ed. No electronic amplification was included for 

shot noise is observable only if the RIN is low or negli- these measurements. 

gj ble 50 As shown in FIG. 6, RF OTf /RF/jsrin dB is about 1. As 

For digital signal transmission, a useful measure of indicated above in this specification, the laser power for 

the effects of noise is the signal-to-noise ratio (SNR). this net gain is 55 mW and V„ of the modulator is 650 

FIG. 5B is a plot of the ratio of the square of the large- mV. 

signal detector current to the sum of the squares of the A link gain of approximately 1 dB is evident over a 

noise currents, versus optical power on the detector, for 35 wide bandwidth when the input to the modulator ?s 

each of the three RIN situations shown in FIG. 5A. terminated with a 50 n resistor. The 3 dB bandwidth 

With no RIN, the thermal noise and shot noise domi- was about 150 MHz (not shown in FIG. 8). 

nated regions are clearly evident As RIN increases, the Thus, for low-to-moderate electrical frequencies and 

upper limit of shot noise dominated SNR is affected moderate to high optical bias power, the externally 
first, with further increases in RIN resulting in further 60 modulated optical link can provide lower insertion loss 

limits in the shot noiseKJominated range as well as limits or actual insertion gain, and less noise than a directly 

in the thermal noise-dominated range. modulate link. 

FIG. 5C is a plot of the link noise figure with all of The foregoing description has been limited to a spe- 

the noise sources located at the input. This measure is cific embodiment of this invention. It will be apparent, 

most useful when the minimum detectable signal level is 65 h wever, that variations and modificati ns may be 

important, as in an electromagnetic field sensor applica- made to the inventi n» with the attainment of some r 

tion. In this instance the noise figure is pi tted versus all of its advantages. Therefore, it is the object of the 

detect r optical power. The ultimate limit is set by the appended claims to cover all such variations and modifi- 
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cations as corse within the true spirit and scope f the 
invention. 
What is claixcftd is: 

1. A link for providing a communication path f r an 
electrical signal between an electrical signal source and 5 
an electrical signal receiver, the link comprising: 

an optical source for providing light; 

an optical modulator having an optical input port f r 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 10 
from the electrical signal source, and an optical 
modulator output port for providing modulated 
light; 

a photodetector, having an optical input port for 
receiving the modulated light, and having an dec- 15 
trical output port connected to said receiver for 
providing a detected electrical output signal; 

means for efficient coupling of the modulated light to 
the optical input port of the photodetector; and 

said optical source having a power level, and said 
modulator having an electrical-to-optical sensitiv- 
ity in combination such that the electrical transfer 
efficiency between the electrical input port of said 
modulator and said electrical output port of said 2J 
detector is greater than one. 

2. A link as in claim 1 wherein the means for efficient 
coupling of the modulated light additionally comprises 
an optical fiber, having one end connected to the optical 
modulator output port, and the other end connected to w 
the photodetector optical input port. 

3. A link for providing a communication path for an 
electrical signal between an electrical signal source and 
an electrical signal receiver, the link comprising: 

an optical source for providing light; 35 
an optical modulator having an optical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing modulated 40 
light; 

an optical fiber for carrying the modulated light; 

a photodetector having an optical input port for re- 
ceiving the modulated light from the optical fiber, 
and an electrical output port for providing a de- 45 
tected electrical output signal to the electrical re- 
ceiver; and 

said optical source having a power level and a suffi- 
ciently small relative intensity noise (RIN), such 
that the effect of the laser's relative intensity noise 50 
(RIN) at the photodetector is less than the sum of a 
shot noise level of the photodetector and a thermal 
noise presented to the photodetector by the load 
impedance of the electrical receiver, whereby the 
noise characteristics of the link are improved. 55 

4. A link as in claim 3 wherein said optical link exhib- 
its a transfer efficiency greater than one. 

5. A link as in claim 3 wherein the optical source has 
a power level such that the effect of the laser's relative 
intensity noise (RIN) at the photodetector is less than 60 
the sum of a shot noise level of the photodetector and 
the lesser of a thermal noise presented to the photode- 
tector by the load impedance of the electrical receiver 
and the equivalent input noise of the electrical receiver. 

6. A link as in claim 3 wherein the photodetector is a 65 
positive-intrinsic-negative (PIN) photodiode. 

7. A link as in claim 3 wherein the utput power f 
the ptical source is sufficient high so that the photode- 



tector optical input power input level is greater than 
one milliwatt 

ft. A link as in claim 3 wherein the electrical signal 
source is an electromagnetic field sensor. 

9. A link for providing a communication path for an 
electrical signal between an electrical signal source and 
a plurality of electrical signal receivers, the link com- 
prising: 

an optical source for providing light; 

an optical modulator having an optical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing a modulated 
light wave; 

an optical fiber for carrying the modulated light 
wave; 

means for providing a plurality of power-divided 
modulated light waves at a plurality of optical 
output ports, each power-divided modulated light 
wave having a fraction of the power of the modu- 
lated light wave; 

a corresponding plurality of photodetectors, each 
photodetector having an optical input port for 
receiving a power-divided modulated light wave 
from a corresponding optical output port, and each 
photodetector having an electrical output port for 
providing a detected electrical output signal to a 
corresponding one of said electrical receiver, and 

said optical source having a relative intensity noise 
sufficiently low, and output optical power suffi- 
ciently high so that the sum of optical power inci- 
dent at the plurality of photodetectors is such that 
if the same optical power level were received by a 
single photodetector, the effect of the laser's rela- 
tive intensity noise (RIN) at the single photodetec- 
tor would be less than the sum of a shot noise level 
of the single photodetector and a thermal noise 
presented to the single photodetector by the load 
impedance of a single electrical receiver, whereby 
the noise characteristics of said link are improved. 

10. A link for providing a communication path for an 
electrical signal between an electrical signal source and 
a plurality of electrical signal receivers, the link com- 
prising: 

an optical source for providing light; 

an optical modulator having an optical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing a modulated 
light wave; 

an optical fiber for carrying the modulated light 
wave; 

means for providing a plurality of power-divided 
modulated light waves at a plurality of optical 
output ports, each power-divided modulated light 
wave having a fraction of the power of the modu- 
lated light wave; 

a corresponding plurality of photodetectors, each 
photodetector having an optical input port for 
receiving a power-divided modulated light wave 
from a corresponding optical output port, and each 
photodetector having an electrical output port f r 
providing a detected electrical output signal to a 
corresponding electrical receiver, and 

said ptical source having an output optical power 
and said modulat r having an electrical-to-optical 
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sensitivity in combination such that an electrical 
transfer efficiency defined as the sum of the electri- 
cal power at the electrical output ports of said 
photodetectors divided by the electrical power at 
said electrical input port of said modulator is 
greater than one. 
11. A link for providing a communication path for an 
electrical signal between an electrical signal source and 
a plurality of electrical signal receivers, the link com- 
prising: 

an optical source for providing light; 

an optical modulator having an optical input port for 
receiving light from the optical source, an electri- 
cal input port for receiving the electrical signal 
from the electrical signal source, and an optical 
modulator output port for providing a modulated 
light wave; 

an optical fiber for carrying the modulated light 
wave; 

means for providing a plurality of power-divided 
modulated light waves at a plurality of optical 
output ports, each power-divided modulated light 
wave having a fraction of the power of modulated 
light wave; 

a corresponding plurality of photodetectors, each 
photodetector having an optical input port for 
receiving a power-divided modulated light wave 
from a corresponding optical output port, and each 
photodetector having an electrical output port for 30 
providing a detected electrical output signal to a 
corresponding electrical receiver; and 

said optical source having an output power so that 
the ratio of optical power in the modulated optical 
wave to input electrical power available from the 
electrical source is sufficiently high so that shot 
noise limited performance is observed in an equiva- 
lent single photodetector that receives the same 
input power as the sum of the optical powers inci- 



10 



15 



20 



25 



35 



dent on the plurality of photodetectors, whereby 40 comprising 



an optica] fiber for carrying the modulated light 
wave; 

a photodetector having an optical input port for re- 
ceiving the modulated light wave from the optical 
modulator, and an electrical output port for pro- 
viding a detected electrical output signal to the 
electrical receiver, and 

said optical source having a power level, such that 
the equivalent noise of the laser's (RIN) at the 
photodetector is less than the sum of a shot noise 
level of the photodetector and a noise level pres- 
ented to the photodetector by the load impedance 
of the electrical receiver, whereby the noise char- 
acteristics of said link are improved. 

13. A link as in claim 12 wherein the laser emits a light 
wave having a wavelength of about 1.3 microns. 

14. A link as in claim 12 wherein the laser RIN is less 
than -165 dB/Hz. 

15. A link as in claim 12 wherein the laser is a neo- 
dymium yttrium aluminum garnet (Nd:YAO) laser. 

16. A method for operating a communications ink 
comprising the steps of: 

generating light from an optical source, said light 
. having a specified D.C. power level, 
coupling said light having said specified D.C. power 
into a modulator having a specified electrical-to- 
optical sensitivity, 
modulating the light using said modulator by input- 
ting to said modulator an electrical input signal 
having an input power level RF/m 
transmitting the modulated light to a detector, 
generating at the detector in response to the modu- 
lated light an electrical output signal having a 
power level KFouTt 
said specified DC power level being sufficiently large 
and said specified electrical-to-optical sensitivity 
being sufficiently small in combination so that 
KFout/KFink greater than one. 

17. A method for operating a communications link 



the noise characteristics of said link are improved 
12. A link for providing a communication path for an 
electrical signal between an electrical signal souce and 
an electrical signal receiver, the link comprising: 
a laser having low relative intensity noise (RIN) for 45 

providing a high-powered light wave; 
an optical modulator having an optical input port for 
receiving the light wave from the optical source, 
an electrical input port for receiving the electrical 
signal from the electrical signal source, and an 50 
optical modulator output port for providing a mod- 
ulated light wave; 



generating light having a specified D.C. power level, 
modulating said light in modulation means with a 
specified electrical-to-optical sensitivity in re- 
sponse to an electrical input with a power level 
RF/jv, 

transmitting said modulated light to detecting means, 
at said detecting means, generating an electrical out- 
put with a power level KFqut* 
said specified D.C. power level and such electrical- 
to-optical sensitivity in combination being such 

that RFot/T/RF/tfis greater than one. 
• • * * • 
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ABSTRACT 



A received system for receiving an input signal from an 
antenna includes a receiving device, and a signal transmit- 
ting system for Iransniitting the input signal as an optical 
beam signal, the signal transmitting system including a laser 
for irradiating a laser beam; an optical modulator for receiv- 
ing the laser beam and the input signal with an input signal 
intensity and an input amplitude to produce a modulated 
beam having a beam intensity which is varied in response to 
the input amplitude and the input signal intensity; a photo- 
electric converter for converting the modulated beam from 
the optical modulator into an electric signal having a con- 
verted amplitude, the receiving device receiving and pro- 
cessing the electric signal as the input signal; a feedback 
control device for receiving the electric signal to produce a 
feedback control signal; and a laser control device for 
controlling the laser to adjust a beam intensity of the laser 
beam in response to the feedback control signal so that the 
converted amplitude is approximately equal to a constant 
amplitude regardless of variation of the input amplitude. 

6 Claims, 8 Drawing Sheets 
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RECEIVIN G SY STEM WITH SIGNAL la a modification, the feedback control signal can be taken 

TR ANSMI TTING SYSTEMS FOR out as the output signal of the system from the feedback 

TRANSMITTING AN INPUT SIGNAL AS A control device. 

MODULATED BEAM WITH AN ADJUSTED According to another aspect of the present invention, a 

BEAM INTENSITY 5 signal transmitting system for transmitting an input signal as 

an optical beam signal, comprises a laser for irradiating a 
This application is a Continuation of application Ser. No. laser beam; a first optical modulator for receiving the laser 
08/380373, filed Jan. 30, 1995, now abandoned. bcam and to si 8Pd with an input signal intensity and 

an input amplitude to produce a first modulated beam having 
BACKGROUND OF THE INVENTION 10 a ^ * >cam intc >wity which is varied in response to the input 

amplitude and the input signal intensity, the first optical 
The present invention relates to a receiving system of an modulator having a first performance capability; a first 
input signal having a signal transmitting system which optical waveguide connected to the first optical modulator 
receives a laser beam and the input signal with an input for transmitting the first modulated beam as a first optical 
signal intensity and produces a, the modulated beam having 15 beam signal; a second optical modulator connected to the 
a beam intensity which is varied in response to the input first optical waveguide for receiving the first modulated 
signal intensity, the modulated beam being transferred and beam to produce a second modulated beam having a second 
then converted into an electric signal which is applied to a beam intensity, the second optical modulator having a sec- 
receiving device, ond performance capability which is substantially equal to 
In the manner which will later be described more in detail, 20 to first performance capabiHty; a second optical waveguide 
a conventional signal transmitting system comprises a laser, connected to the second optical modulator far transmitting 
an optical modulator, and a photoelectric converter. The the second modulated beam as a second optical beam signal; 
optical modulator receives a laser beam from the laser and a photoelectric converter connected to the second optical 
an input signal having an input signal intensity and an input waveguide for converting the second modulated beam into 
amplitude. The optical modulator produces a modulated 25 31 electr * c signal having a converted intensity; a feedback 
beam having a beam intensity which is varied in response to control device connected to the photoelectric converter for 
the input signal intensity. The photoelectric converter receiving the electric signal to produce a feedback control 
receives the modulated beam from the optical modulator to signal and deliver the feedback control signal as an output 
convert the modulated beam into an electric signal having a si 8 nal for to system; and an optical modulator control 
converted amplitude. Areceiving device receives the electric $q device connected to the feedback control device for con- 
signal from the photoelectric converter and processes it as tolling the second optical modulator in response to the 
me input signal. feedback control signal so that the second beam intensity is 
Inasmuch as the beam intensity is dispersed in response to ^proximately equal to a constant beam intensity regardless 
the input signal intensity when the input signal intensity has of Vanatlon * me ^ mtensit * 
a variable signal intensity which is varied in an extremely 35 Further ' tore is provided a receiving system for reception 
large range, the receiving system has a small dynamic range. of 311 in P ut si S nal tom 811 ^nna which comprises a 

receiving device and the above-mentioned signal transmit- 
SUMMARY OF THE INVENTION system according to the present invention, the signal 

transmitting system being used for transmitting the input 
It is a general object of the present invention to provide a signal from the antenna to the receiving device, 
signal transmitting system far transmitting an input signal as 

a modulated beam with a beam ktenaty adjusted. BRIEF DESCRIPTION OF THE DRAWING 

It is a specific object of the present invention to provide 1 is a Dlock diagram of a conventional receiving 

a receiving system which has a large dynamic range by use system; 

of the signal transmitting system. 45 2 is a block diagram of a receiving system according 

Other objects of this invention will become clear as the t0 * fet cmbodimeilt of *** invention; 
description proceeds. 3 is a schematic front view of an optical probe of the 

According to the present invention, a signal transmitting receiym S s y stem frustrated in FIG. 2; 
system for transmitting an input signal as an optical beam FK5 * 4 is a for use ^ describing operation of the 
signal with a beam signal adjusted, comprises a laser for 50 living system illustrated in FIG. 2; 
irradiating a laser beam; an optical modulator for receiving FIGS. 5(A) to 5(D) are other graphs for use in describing 
the laser beam and the input signal with an input signal operation of the receiving system illustrated in FIG. 2; 
intensity and an input amplitude to produce a modulated FIG. 6 is a block diagram of a receiving system according 
beam having a beam intensity which Is varied in response to to a second embodiment of this invention; 
the input amplitude and the input signal intensity; an optical 55 FIG. 7 is a graph for use in describing operation of the 
waveguide for transmitting the modulated beam as the receiving system illustrated in FIG. 6; 
optical bcam signal; a photoelectric converter connected to FIGS. 8(A) to 8(D) are other graphs for use in describing 
the optical waveguide for converting the modulated beam operation of the receiving system illustrated in FIG. 6; 
into an electric signal having a converted amplitude to FIG. 9 is a block diagram of a receiving system according 
produce an output signal of the system; a feedback control 60 to a third embodiment of this invention; and 
device connected to me phot^lertric converter for receiving figs. 10(A) to 10(E) are graphs for use in describing 
the electric signal to produce a feedback control signal; and operation of the receiving system illustrated in FIG. 9. 

a laser control device for controlling the laser to adjust a 

beam intensity of the laser beam in response to the feedback DESCRIPTION OF THE PREFERRED 

control signal so that the output signal has a substantially 65 EMBODIMENTS 
constant amplitude regardless of variation of the input Referring to FIG. 1, a conventional receiving system will 
amplitude. be described for a better understanding of this invention. The 
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conventional receiving system comprises a receiving device 
27 and a signal transmitting system which comprises a laser 
21, an optical modulator 23, and a photoelectric converter 
25. The optical modulator 23 is connected to the laser 21 and 
the photoelectric converter 25 by optical fibers 29 and 31. 
The photoelectric converter 25 is connected to the receiving 
device 27 by a lead wire 33. 

The laser 21 irradiates a laser beam. The optical modu- 
lator 23 receives the laser beam from the laser 21 through the 
optical fiber 29. Also, the optical, modulator 23 receives an 
i nput signal I through an a nt e n na (not shown ). The input 
signal is a high frequency signal. The input signal has an 
input signal intensity and an input amplitude. The optical 
modulator 23 modulates the laser beam by the input signal 
to produce a modulated beam having a beam intensity which 
is varied in response to the input amplitude and the input 
signal intensity. 

The photoelectric converter 25 receives the modulated 
beam from the optical modulated 23 through the optical fiber 
31 to convert the modulated beam into an electric signal 
having a converted amplitude. The receiving device 27 
receives the electric signal from the photoelectric converter 
25 through the lead wire 33 and processes it 

Inasmuch as the beam intensity is dispersed in response to 
the input signal intensity when the input signal intensity has 
a variable signal intensity which is varied in an extremely 
large range, the receiving system has a small dynamic range. 

Referring to FIGS. 2, 3, 4, and 5, the description will 
proceed to a receiving system according to a first embodi- 
ment of this invention. Similar parts are designated by like 
reference numerals. 

In FIG. 2, a signal transmitting system used in the 
receiving system comprises the laser 21, the optical modu- 
lator 23, the photoelectric converter 25, a feedback control 
device 35, and a laser control device 37. The feedback 
control device 35 is connected to the photoelectric converter 
25 and the laser control device 37 through lead wires 39 and 
41. The laser control device 37 is connected to the laser 21 
through a lead wire 43. 

The receiving device 27 receives the electric signal from 
the photoelectric converter 25 through the lead wire 33. The 
feedback control device 35 receives the electric signal from 
the photoelectric converter 25 through the lead wire 39 to 
produce a feedback control signal in response to the electric 
signal. The laser control device 37 receives the feedback 
control signal from the feedback control device 35 through 
the lead wire 41. The laser control device 37 controls the 
laser 21 in response to the feedback control signal to adjust 
the laser beam intensity level so that the converted ampli- 
tude of the electric signal is approximately equal to a 
constant amplitude regardless of variation of the input 
amplitude and intensity of the input signal L 

In FIG. 3, the optical modulator 23 comprises a substrate 
45, an incident optical waveguide 47 formed on the substrate 
45, two phase-shift optical waveguides 49 formed on the 
substrate 45 to be branched from the incident optical 
waveguide 47, an outgoing optical waveguide 51 formed on 
the substrate 45 to join the phase-shift optical waveguides 
49, and two modulation electrodes 53 formed on or in the 
vicinity of the phase-shift optical waveguides 49. 

The modulation electrodes 53 are connected to antennas 
55, respectively. The modulation electrodes 53 are supplied 
with the input signal I through the antennas 55 to make a 
variable electric field in response to the input signal I. The 
incident optical waveguide is connected to the optical fiber 
29 and receives the laser beam from the laser 21 through the 
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optical fiber 29. The outgoing optical waveguide 51 is 
connected to the optical fiber 31. Each of the phase-shift 
optical waveguides 49 has a variable refractive index vary- 
ing in response to the variable electric field which is supplied 

5 by the modulation electrodes 53 when the modulation elec- 
trodes 53 are supplied with the input signal L Depending 
upon an intensity of the variable electric field, the variable 
refractive indices of the phase-shift optical waveguides 49 
are varied. This results in variation of phases of the laser 

10 beams transmitted through the phase -shift optical 
waveguides 49. The outgoing optical waveguide 51 joints 
the laser beams from the phase-shift optical waveguides 49 
to produce and emit the modulated beam. 
For example, as shown in FIG. 4 at curved lines S*, S 2 , 

I s and S 3 , a performance capability of the optical modulator 23 
is varied. Also, it will be assumed that the input signal I is 
represented at curved lines Aj, Aj, and A 3 . It will be 
assumed that the input signal I is represented at the curved 
line Aj and the performance capability of the optical modu- 

20 lator 23 is represented at the curved line S lt the beam 
intensity of the modulated beam from the optical mod u l a tor 
23 is represented at the curved line B x . It will be assumed 
that the input signal I is represented at the curved line Aj and 
the performance capability of the optical modulator 23 is 

25 represented at the curved line S 2 , the beam intensity of the 
modulated beam from the optical modulator 23 is repre- 
sented at the curved line B 2 . It will be assumed that the input 
signal I is represented at the curved line A3 and the perfor- 
mance capability of the optical modulator 23 is represented 

30 at the curved line S 3 , the beam intensity of the modulated 
beam from the optical probe 23 is represented at the curved 
line B 3 . 

For example, it will be assumed that the input signal I is 
changed in its intensity as shown in FIG. 5(A), the feedback 

33 control signal from the feedback control device 35 is 
changed as shown in FIG. 5(B). The laser control device 37 
controls the laser 21 so that the laser beam is changed in its 
intensity as shown in FIG. 5(C). In this event, the beam 
intensity of the modulated beam from the optical modulator 

40 23 is adjusted as shown in FIG. 5(D). Accordingly, the 
electric signal from the photoelectric converter 25 has an 
adjusted amplitude as shown in FIG. 5(D). Namely, the 
converted amplitude of the electric signal is approximately 
equal to the constant amplitude regardless of the variation of 

45 (he input amplitude of the input signal I. 

Referring to FIGS. 6, 7, and 8, the description will 
proceed to a receiving system with a signal transmitting 
system according to a second embodiment of this invention. 

50 Similar parts are designated by like reference numerals. 
In FIG. 6, the signal transmitting system comprises the 
laser 21, the optical modulator 23, the photoelectric con- 
verter 25, the feedback control device 35, and the laser 
control device 37, like in FIG. 2. The laser control device 37 

55 is connected to the feedback control device 35 through a lead 
wire 59. 

The receiving device 27 is connected not to the photo- 
electric converter 25, but rather, to the feedback control 
device 35 through a lead wire 57 and receives the feedback 

60 control signal from the feedback control device 35. The laser 
control device 37 receives the feedback control signal from 
the feedback control device 35. The laser control device 37 
controls the laser 21 in response to the feedback control 
signal to adjust the laser beam intensity so that the beam 

65 intensity of the modulator beam from the optical probe 23 is 
approximately equal to a constant beam intensity regardless 
of variation of the input amplitude of the input signal L 
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Id FIG. 7, it is assumed that the performance capability of 
the optical modulator 23 is varied in process of time at 
curved lines S 4 , S 3 , and S e when the input signal I is 
represented at a curved line A4. In this event, the beam 
intensity of the modulated beam from the optical modulator 
23 is approximately equal to the constant beam intensity 
represented at a line B 4 . 

For example, when the input signal I changes in its 
intensity or amplitude as is represented in FIG. 8(A), the 
feedback control signal from the feedback control device 35 
change in its amplitude as in FIG. 8(B). When the laser 
control device 37 receives the feedback control signal, the 
laser control device 37 controls the laser 21 in response to 
the feedback control signal so that the laser beam has an 
intensity as is represented in HG. 8(Q. In this event, the 
beam intensity of the modulated beam from the optical 
modulator 23 is approximately equal to the constant beam 
intensity as shown in FIG. 8(D). 

Referring to FIGS. 9 and 10, the description will proceed 
to a receiving system using another signal transmitting 
system; according to a third embodiment of this invention. 
Similar parts are designated by like reference numerals. 

In FIG. 9, the signal transmitting system comprises the 
laser 21, a first optical modulator 61, a second optical 
modulator 63, the photoelectric converter 25, the feedback 25 
control device 35, and an optical modulator control device 
65. The first optical modulator 61 is connected to the laser 
21 through the optical fiber 29. The second optical modu- 
lator 63 is connected to the first optical modulator 61 
through an optical fiber 67. The optical modulator control 
device 65 is connected to the feedback control device 35 and 
the second optical modulator 63 through lead wires 69 and 
71. 

The first optical modulator 61 is equivalent to the optical 
modulator 23. The first optical modulator 61 receives the 
laser beam from the laser 21 and the input signal I and 
produces a first modulated beam having a first beam inten- 
sity which is varied in response to the input signal intensity 
of the input signal L The first optical modulator 61 has a first 
performance capability. 

The second optical modulator 63 is equivalent to the first 
optical modulator 61. The second optical modulator 63 has 
a second performance capability which is substantially equal 
to the first performance capability. The second optical modu- 
lator 63 receives the first modulated beam from the first 
optical modulator 61 and produces a second modulated 
beam having a second beam intensity. The photoelectric 
converter 25 receives the second modulated beam from the 
second optical modulator 63 and converts the second modu- 50 
lated beam into the electric signal having the converted 
intensity. 

The optical modulator control device 65 receives the 
feedback control signal from the feedback control device 35. 
The optical modulator control device 65 controls the second 55 
optical modulator 63 in response to the feedback control 
signal so that the second beam intensity of the second 
modulated beam from the second optical probe 63 is 
approximately equal to a constant beam intensity regardless 
of variation of the input amplitude of the input signal I 

For example, when the laser beam from the laser 21 is 
constant in its intensity as shown in FIG. 10(A) and when the 
input signal I change in its intensity as shown in FIG. 10(B), 
the first beam intensity of the first modulated beam from the 
first optical modulator 61 is represented as shown in FIG. 
10(C). In this event, the second beam intensity of the second 
modulated beam from the second optical modulator 63 is 
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represented in FIG. 10(D). Namely, the second beam inten- 
sity is ar^roximately equal to the constant beam intensity. 
Also, in this event, the feedback control signal from the 
feedback control device 35 is represented in FIG. 10(E). 
What is claimed is: 

1. A receiving system for receiving an input signal from 
an antenna, said receiving system comprising: 

a receiving device, and 

a signal transmitting system for transmitting the input 
signal as an optical beam signal, said signal transmit- 
ting system comprising: 
a laser for irradiating a laser beam; 
an optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a modulated beam hav- 
ing a beam intensity which is varied in response to 
said input amplitude and said input signal intensity; 
a photoelectric converter for converting said modulated 
beam from said optical modulator into an electric 
signal having a converted amplitude, said receiving 
device receiving and processing said electric signal 
as said input signal; 
a feedback control device for receiving said electric 

signal to produce a feedback control signal; and 
a laser control device for controlling said laser to adjust 
a beam intensity of said laser beam in response to 
said feedback control signal so that said converted 
amplitude is approximately equal to a constant 
amplitude regardless of variation of said input ampli- 
tude, 

2. A receiving system for receiving an input signal from 
an antenna, said receiving system comprising: 

a receiving device, and 

a signal transmitting system for transmitting the input 
signal as an optical beam signal, said signal transmit- 
ting system comprising: 
a laser for irradiating a laser beam; 
an optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a modulated beam hav- 
ing a beam intensity which is varied in response to 
said input amplitude and said input signal intensity; 
a photoelectric converter for converting said modulated 
beam from said optical modulator into an electric 
signal having a converted amplitude; 
a feedback control device for receiving said electric 
signal to produce a feedback control signal, said 
receiving device receiving and processing said feed- 
back control signal as said input signal; and 
a laser control device for controlling said laser to adjust 
a beam intensity of said laser beam in response to 
said feedback control signal so that said beam inten- 
sity is approximately equal to a constant beam inten- 
sity regardless of variation of said input amplitude. 

3. A receiving system for receiving an input signal from 
an antenna, said receiving system comprising: 

a receiving device, and 

a signal transmitting system for transmitting the input 
signal as an optical beam signal, said signal transmit- 
ting system comprising: 
a laser for irradiating a laser beam; 
a first optical modulator for receiving said laser beam 
and said input signal with an input signal intensity 
and an input amplitude to produce a first modulated 
beam having a first beam intensity which is varied in 
response to said input amplitude and said input 
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signal intensity, said first optical modulator having a 
first performance capability; 

a second optical modulator for receiving said first 
modulated beam to produce a second modulated 
beam having a second beam intensity, said second 
optical modulator having a second performance 
capability which is substantially equal to said first 
performance capability; 

a photoelectric converter for converting said second 
modulated beam into an electric signal having a 
converted intensity; 

a feedback control device for receiving said electric 
signal to produce a feedback control signal, said 
receiving device receiving and processing said feed- 
back control signal as said input signal; and 

an optical modulator control device for controlling said 
second optical modulator in response to said feed- 
back control signal so that said second beam inten- 
sity is approximately equal to a constant beam inten- 
sity regardless of variation of said input amplitude. 

4. A signal transmitting system for transmitting an input 
signal as an optical beam signal, comprising: 

a laser for irradiating a laser beam; 

an optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a modulated beam having a 
beam intensity which is varied in response to said input 
amplitude and said input signal intensity; 

an optical waveguide for transmitting said modulated 
beam as said optical beam signal; 

a photoelectric converter connected to said optical 
waveguide for converting said modulated beam into an 
electric signal having a converted amplitude to produce 
an output signal of said system; 35 

a feedback control device connected to said photoelectric 
converter for receiving said electric signal to produce a 
feedback control signal; and 

a laser control device for controlling said laser to adjust a 
beam intensity of said laser beam in response to said 40 
feedback control signal so that said output signal has a 
substantially constant amplitude regardless of variation 
of said input amplitude. 

5. A signal transmitting system for transmitting an input 
signal as an optical beam signal, comprising: 

a laser far irradiating a laser beam; 

an optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a modulated beam having a 
beam intensity which is varied in response to said input 
amplitude and said input signal intensity; 

an optical waveguide for transmitting said modulated 
beam as said optical beam signal; 
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a photoelectric converter connected to said optical 
waveguide for converting said modulated beam into an 
electric signal having a converted amplitude; 

a feedback control device receiving said electric signal to 
produce a feedback control signal and to deliver said 
feedback control signal as an output signal of said 
system; and 

a laser control device connected to said feedback control 
device far controlling said laser to adjust a beam 
intensity of said laser beam in response to said feed- 
back control signal so that said beam intensity is 
approximately equal to a constant beam intensity 
regardless of variation of said input signal intensity. 

6. A signal transmitting system for transmitting an input 
signal as an optical beam signal, comprising: 

a laser for irradiating a laser beam; 

a first optical modulator for receiving said laser beam and 
said input signal with an input signal intensity and an 
input amplitude to produce a first modulated beam 
having a first beam intensity which is varied in 
response to said input amplitude and said input signal 
intensity, said first optical modulator having a first 
performance capability; 

a first optical waveguide connected to said first optical 
modulator for transmitting said first modulated beam as 
a first optical beam signal; 

a second optical modulator connected to said first optical 
waveguide for receiving said first modulated beam to 
produce a second modulated beam having a second 
beam intensity, said second optical modulator having a 
second performance capability which is substantially 
equal to said first performance capability; 

a second optical waveguide connected to said second 
optical modulator for transmitting said second modu- 
lated beam as a second optical beam signal; 

a photoelectric converter connected to said second optical 
waveguide for converting said second modulated beam 
into an electric signal having a converted intensity; 

a feedback control device connected to said photoelectric 
converter for receiving said electric signal to produce a 
feedback control signal and to deliver said feedback 
control signal as an output signal of said system; and 

an optical modulator control device connected to said 
feedback control device far controlling said second 
optical modulator in response to said feedback control 
signal so that said second beam intensity is approxi- 
mately equal to a constant beam intensity regardless of 
variation of said input signal intensity. 
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[57] ABSTRACT 

An electro optical circuit for transmitting an information 
bearing signal, such as a signal in the RR AF or microwave 
frequency domains, to a predetermined location includes a 
laser for generating coherent light to be used as a carrier, and 
an electro optical modulator for receiving the information 
signal and the coherent light and generating first and second 
modulated light signals which respectively comprise the 
coherent light modulated by the information signal and the 
coherent light modulated by the inversion of the information 
signal. The first and second modulated light signals are 
supplied to a detector at the predetermined location through 
separate optical paths. The detector converts the first modu- 
lated light signal into a first DC component, representing the 
laser-generated coherent light, and into a first information 
component representing the information signal, and converts 
the second modulated light signal into a second DC com- 
ponent which also represents the laser-generated coherent 
light, and into a second information component representing 
the inversion of the information signal and which is thus in 
an anti-phase relationship with the first information compo- 
nent. The detector combines the first and second DC current 
components so that they mutually nullify each another. 

14 Claims, 3 Drawing Sheets 
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ELECTRO-OPTICAL CIRCUIT FOR SIGNAL 
TRANSMISSION 

BACKGROUND OF THE INVENTION 

This invention relates to improved electro-optical circuits 
for transmitting an RF or other high frequency signal to a 
specified location, and more particularly, to such circuit 
wherein the high frequency signal modulates light from a 
laser exhibiting low distortion caused by noise originating in 
the laser, and which transmits the modulated laser light in 
analog form, through an optical path to the specified loca- 
tion. 

High performance analog optical links, e.g., transmission 
paths using CW laser light have been demonstrated using 
audio frequency (AF), radio frequency (RF) and microwave 
frequency modulation, and have been shown to provide 
significant signal gain. Generally, in such arrangements, the 
coherent light produced by a laser serves as a carrier wave 
which is intensity modulated by the respective AF, RF or 
microwave signals. Analog optical links of such type, used 
in connection with an RF signal, have previously provided 
gain of 11 dB over a frequency range of 40-80 MHz, 

Analog optical transmission of signals can be useful in 
magnetic resonance (MR) systems. In such systems, whether 
designed for spectroscopy, imaging or other application, an 
RF pulse is transmitted into a subject of interest (e.g.. body 
tissue). In response, the subject emits an RF signal which is 
detected by an MR receive coil and thereafter transmitted to 
a signal processing station, which may be remotely located, 
for processing to obtain information about the subject 
However, detected MR signals are inherently very weak, and 
the MR environment typically contains a great deal of 
electromagnetic noise. Transmissions through an electrical 
path may be significantly degraded by such noise, whereas 
transmissions through an optical path are not affected 
thereby. It would therefore be advantageous to transmit 
detected MR signals from the receive coil to the signal 
processing electronics through an optical conductive path, 
such as an analog optical link, rather than through an 
electrical cable. 

In a conventional analog optical link of the type referred 
to above, a laser is required to provide the coherent light mat 
constitutes the optical carrier wave. As known to those of 
skill in the art. the laser introduces amplitude noise, referred 
to as Relative Intensity Noise (RIN). into the analog optical 
link. RIN substantially increases the noise figure, which is a 
measure, in dB. of the noise present in a signal transmission 
path or circuit Generally, it is desirable to keep the noise 
figure as low as possible. While there are several contribu- 
tors to noise in such analog optical link, e.g., laser and 
modulator impedance thermal noise, shot noise and detector 
dark noise, the most significant contributor to noise figure is 
the RIN of the laser. For example, in one comparison it was 
found that RIN noise voltage was on the order of twenty 
times the noise voltage due to source impedance. 

SUMMARY OF THE INVENTION 

Briefly, in accordance with a preferred embodiment of the 
invention, an electro-optical circuit for transmitting a signal, 
such as an RF, AF or microwave signal, to a predetermined 
location includes a laser for generating a coherent light 
beam, and electro-optical modulating means which receives 
both the coherent light beam and an information signal, such 
as an RF frequency signal. The modulating means generates 
first and second modulated light signals, which respectively 
comprise the coherent light beam modulated by the infor- 
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mation signal, and the coherent light beam modulated by the 
inversion of the information signal. Thus the modulating 
signals for the first and second modulated light signals are in 
anti-phase relationship with respect to one another. The 

5 invention further includes detector means at the predeter- 
mined location for converting the first modulated light signal 
into two electric current components respectively compris- 
ing a first direct current (DC) component corresponding to 
the coherent light beam, and a first information bearing 

10 component corresponding to the information signal. The 
detector means further comprises means for converting the 
second modulated light signal into two electric current 
components, respectively comprising a second DC compo- 
nent corresponding to the coherent light beam, and a second 

15 information bearing component corresponding to the infor- 
mation signal, but inverted from the first information bear- 
ing component The detector means includes means for 
combining the first and second DC current components to 
mutually cancel one another, and for combining the first and 

20 second information bearing current components to mutually 
reinforce one another, to provide an output signal which 
comprises the information signal. The invention also 
includes means for establishing respective first and second 
optical paths, from the modulating means to the detector 

25 means, for the respective first and second modulated light 
signals. 

In a preferred embodiment, the means for establishing the 
first and second optical paths respectively comprise first and 
second fiber optic cables of lengths having a specified 

30 relationship with respect to one another. Preferably, the 
difference in length between the first and second optical 
paths is no greater than c/n(BW), where c is the speed of 
light, n is the optical refractive index of the fiber optic cables 
and BW is the anticipated frequency range of the informa- 

35 tion signaL 

The invention also contemplates a differential method for 
transmitting an RF or other information bearing signal to a 
predetermined destination by providing a coherent light 
beam, generating first and second modulated light signals 

40 respectively comprising the coherent light beam modulated 
by an information signal and by the inversion of the infor- 
mation signal, and transmitting the first and second modu- 
lated light signals to the predetermined destination through 
separate respective optical transmission paths. At the 

45 destination, the first and second modulated light signals are 
converted into first and second DC current components, 
each of which corresponds to the coherent light beam, a first 
Information current component corresponding to the infor- 
mation signal, and a second information current component 

50 corresponding to the inversion of the information signal. The 
first and second DC current components are combined to 
mutually cancel each other, or the effects thereof, and the 
first and second information current components are com- 
bined to reproduce the information signal. 

55 One object of the invention is to provide an improved, low 
noise optical transmission path for information signals at RF 
and other frequencies. 

Another object is to provide a path for RF signal trans- 
go mission between the receive coil and signal processing 
electronics of an MR system, in which undesirable effects of 
noise originating in an associated laser light source are 
significantly reduced 

BRIEF DESCRIPTION OF THE DRAWINGS 

65 

The features of the invention believed to be novel are set 
forth in the appended claims. The invention, however. 



01/07/2004, EAST Version: 1.4.1 



5,72 

3 

together with further objects and advantages thereof, may 
best be understood by reference to the following description 
taken in conjunction with the accompanying drawing(s). 

FIG. 1 is a block diagram of one embodiment of the 
electro-optical circuit of the invention; 

FIG. 2 is a simplified cross-sectional diagram, of an 
energized modulator that may be employed in the electro- 
optical circuit of FIG. 1; 

FIG. 3 is a set of waveform diagrams illustrative of 
signals respectively pertaining to operation of the modulator 
shown in FIG. 2; 

FIG. 4 is a schematic diagram of a detector that may be 
employed in the electro-optical circuit of FIG. 1; and 

FIG. 5 is a graph illustrating results obtained by operating 
the electro-optical circuit shown in FIG. 1. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 
FIG. 1 illustrates an electro-optical circuit in the form of 
an analog optical link or system 10, generally comprising a 
CW laser as a coherent light source 12, an electro-optic 
modulator 14, and an optical detector 16. Optical link 10 
functions to transmit an information signal, such as a signal 
at an AF, RF or microwave frequency, from modulator 14 to 
detector 16. The information signal is supplied to modulator 
14 through a modulator input terminal 18, and is coupled 
from detector 16 through a detector output terminal 20. As 
described hereinafter in greater detail, modulator 14 gener- 
ates modulated light signals L ml and L m2 which are supplied 
to detector 16 through fiber-optic cables 22 and 24, respec- 
tively. A coherent light beam from a CW laser 12 is 
transmitted to modulator 14 through a fiber-optic cable 26. 
and serves as the optical carrier signal. 

In one useful application, optical link 10 may be 
employed in an MR system. In that instance, input terminal 
18 receives an information-bearing RF signal from the 
receive coil of the MR system (not shown) and output 
terminal 20 is connected to remotely-located MR signal 
processing electronics. For purposes of illustration, the 
information-bearing signal received by input terminal 18 is 
referred to as an RF signal. It will be appreciated that optical 
link 10 could, alternatively, find application in an ultrasonic 
Imaging system, a phased-array radar control, or a high- 
speed local area network. 

FIG. 2 shows an electro-optic modulating device which 
may be usefully employed as modulator 14, and is conven- 
tionally known as a Mach-Zehnder interferometer. The 
particular Mach-Zehnder interferometer shown in FIG. 2 is 
a 1x2 directional coupler, as described, for example, by 
Howerton, Bulrner and Burns in 'linear 1x2 Directional 
Coupler for Electromagnetic Field Detection**, AppL Phys. 
Lett. 52 (22), 30 May 1988. pp. 1850-1852. 

Modulating device 14 includes an input optical 
waveguide 28 coupled to receive a coherent light beam L c 
from laser 12 through fiber-optic cable 26. Waveguide 28 is 
optically coupled to output optical waveguides 30 and 32. 
which are symmetrical to one another so that 50% of the 
light traversing input waveguide 28 passes into each respec- 
tive one of output waveguides 30 and 32. 

Also shown in FIG. 2 are an electrode 34 positioned 
between output waveguides 30 and 32, and electrodes 36 
and 38 respectively positioned along the sides of 
waveguides 30 and 32 in opposing relationship with elec- 
trode 34. Electrode 34 is coupled to ground, and RF signals 
from input terminal 18 are supplied as a voltage to both 
electrodes 36 and 38. 
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As the RF input signal varies, voltage establishes an 
electric field m t between electrodes 36 and 34 which thus 
varies with the RF input signal The index of refraction of 
optical waveguide 30 positioned between electrodes 36 and 

5 34, and therefore the velocity of the portion of information- 
bearing coherent light beam L c directed therethrough, varies 
in corresponding relationship with amplitude of electric field 
mj. Thus, the RF input signal effectively amplitude modu- 
lates the coherent light beam to produce a light signal L ml . 

10 Similarly, the index of refraction of optical waveguide 32 
positioned between electrodes 38 and 34. and therefore the 
velocity of the portion of information-bearing coherent light 
beam L c directed there through, varies in corresponding 
relationship with amplitude of an electric field m 3 estab- 
lished by voltage V^p, to provide an amplitude modulated 
light signal L^. Thus the RF input Signal effectively 
amplitude modulates the coherent light beam to produce a 
light signal L m2 - However, because of the geometric rela- 
tionship between waveguide 32 and electrodes 34 and 38. 

20 the modulating electric field m 2 is the inverse of modulating 
electric field m lt and therefore of the RF input signal, with 
respect to coherent light beam Thus, the modulating 
electric fields m t and m 3 are of equal magnitude, but 
opposite polarity, and are therefore in anti-phase relationship 

23 with each other. The modulation components of their respec- 
tive corresponding frequency modulated light signals. L mi 
and L^. are likewise in anti-phase relationship with each 
other. 

FIG. 2 further shows output waveguides 30 and 32 

30 positioned between a pair of electrodes 40 and 42, and 
coming close together therebetween. The proximity of 
waveguides 30 and 32 between electrodes 40 and 42 results 
in cross-coupling of light signals L ml and L^. Light from 
either waveguide cross-coupled into the other constructively 

33 or destructively interferes with the light in the other 
waveguide, to vary the intensity of light emanating from 
waveguides 30 and 32. The cross coupling of light between 
waveguides 30 and 32 is controlled by an electric field 
established between electrodes 40 and 42 by a DC voltage 

40 V *«M- Voltage is selected to maintain the ratio of light 
from each of such waveguides at 50%. so that modulated 
light signals L ml and are of equal optical power and 
intensity. Light signal L^j is coupled from waveguide 30 
into fiber-optic cable 22, and light signal L m2 is coupled 

45 from waveguide 32 into fiber-optic cable 24. 

In FIG. 3, waveform 3o represents a sinusoidal RF signal 
over a time period T p . for purposes of illustration. Waveform 
3b represents the coherent light L c provided by laser 12 

„ (FIG. 1) which is of constant magnitude or intensity, and 
serves as the optical carrier for modulating signals produced 
by electric fields mi and n^. Waveforms 3c and 3rf illustrate 
the anti-phase relationship, as stated above, between electric 
fields m L and nij. 

55 Waveform 3e represents modulated light signal L^ 
which is made up of coherent light beam L c amplitude 
modulated by electric field m^ which, in turn, corresponds 
to the RF input signal to modulator 14 (FIG. 1). Waveform 
3/ represents modulated light signal L m2 made up of coher- 

$0 ent light beam L c amplitude modulated by electric field m^ 
which corresponds in magnitude to the RF input signal at 
any time, but is always of opposite polarity to the RF input 
signal. 

FIG. 4 illustrates apparatus which may be employed as 
65 detector 16. A pair of photodiodes 44 and 46. each usefully 
comprising a PIN diode, arc connected in scries^aiding 
fashion through a node N. Node N is also coupled to the 
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negative input terminal of an operational amplifier 52. and 
a feedback resistor 56 is coupled between the negative input 
terminal and the output terminal of amplifier 52. The cath- 
ode of photodiode 44 is coupled to a positive biasing voltage 
Vp. and the anode of photodiode 46 is coupled to a negative 5 
biasing voltage -V^ so that photodiodes 44 and 46 are both 
reverse-biased. 

Fiber-optic cable 22 directs modulated light signal L mi 
onto photodiode 44 and fiber-optic cable 24 directs modu- 
lated light signal L m2 onto photodiode 46. In response to 
modulated light signal L ml . photodiode 44 generates an 
electric current I A +i ml . Current I A is a DC photocurrent 
representing the coherent light L c from laser 12 (FIG. 1) and 
current i ml represents the modulating electric field m 1 and 
therefore the RF input signal to the circuit of FIG. 1. In 
response to modulated light signal L^, photodiode 46 
generates an electric current I 2 -+i ir(2 , Current I 2 is a DC 
photocurrent representing the coherent light L c from laser 12 
(FIG. 1), and current i^ represents the modulating electric 
field n^. Thus I L =1 2 < and i^^a- 

Since photodiode 44 is reverse-biased, the DC photo- 
current I x is directed from voltage source V s and toward 
node N. In like manner, since photodiode 46 is also reverse- 
biased, DC photocurrent I 2 is directed toward voltage source 
-V B and away from node N. Since currents I A and l 2 are 
equal, no DC component of those currents can pass from 
node N to amplifier 52. The effects of photocurrents I, and 
I 3 are thus mutually nullified, preventing any signal com- 
ponent representing light beam L c and thus any RIN noise 
from laser 12 (FIG. 1). from being introduced into amplifier 
52. At the same time, current of value 2^ flows from node 
N to the negative input of amplifier 52, thus limiting the 
input current to amplifier 52 to a value representing twice the 
electric field voltage m,. The input current to amplifier 52. 
with appropriate amplifier gain, results in an RF signal 
which matches the RF input signal supplied to the apparatus 
shown in FIG. 2. 

It will be readily apparent that the phase relationship 
between modulated light signals L ml and 1^,2 is very 
important, particularly to ensure mutual cancellation, at the 
input of amplifier 52, of DC photocurrents I t and I 2 repre- 
senting the light from the laser source. This mutual cancel- 
lation is achieved by providing lengths for optic cables 22 
and 24 such that the difference D between the lengths of the 
optical paths respectively traversed by modulated light sig- 
nals L ml and L m2 is much less than c/n(BW), B W being the 
required bandwidth of the RF or other information signal 
over which RIN cancellation is desired. For RF applications 
where BW is on the order of 100 MHz, D must be in the 
range of 0.2-0.3 meters or less to realize full benefit of RIN 
noise cancellation; however, even if path length difference D 
exceeds such limitation, source RIN noise will still be 
partially canceled. 

It will also be apparent that optical power can be sub- 55 
stantially increased, without an increase in RIN, as long as 
a balance is maintained between the optical intensities of the 
light signals in the optical paths respectively provided 
through fiber-optic cables 22 and 24. 

FIG. 5 is a plot of data obtained using analog optical link 60 
10 shown in FIG. 1. In particular, FIG. 5 illustrates RF gain 
versus RF frequency for link 10. and also Noise Figure 
versus RF frequency. A significant increase in gain, accom- 
panied by a corresponding reduction in Noise Figure can be 
seen over a frequency range of approximately 50-65 MHz. 

While only certain preferred features of the invention 
have been illustrated and described herein, many modifica- 
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tions and changes will occur to those skilled in the art. It is, 
therefore, to be understood that the appended claims are 
intended to cover all such modifications and changes as fail 
within the true spirit of the invention. 
What is claimed is: 

1* An electro-optical circuit for transmitting an informa- 
tion signal to a predetermined location, comprising: 

a laser for generating a coherent light beam; 

modulating means for receiving said coherent light beam 
and said information signal for generating first and 
second modulated light signals by modulating said 
coherent light beam with said information signal and an 
inversion of said information signal; 

detector means at said predetermined location for con- 
verting said first modulated light signal into electric 
current components comprising a first DC current com- 
ponent corresponding to said coherent light beam and 
a first information current component corresponding to 
said information signal, and for converting said second 
modulated light signal into electric current components 
comprising a second DC current component corre- 
sponding to said coherent light beam and a second 
information current component corresponding to the 
inversion of said Information signal; 

said detector means further comprising conductor means 
for combining said first and second DC current com- 
ponents to mutually nullify effects thereof, and for 
combining said first and second information current 
components to mutually reinforce one another to pro- 
vide an output signal representing said information 
signal; and 

means for establishing respective first and second optical 
transmission paths for said first and second modulated 
light signals between said modulating means and said 
detector means. 

2. The circuit of claim 1 wherein said first and second 
optical transmission paths have a specified length relation- 
ship with each other. 

3. The circuit of claim 1 wherein lengths of said first and 
second optical transmission paths differ from each other by 
less man a specified maximum value. 

4. The circuit of claim 3 wherein said first and second 
optical transmission paths respectively comprise fiber optic 
cables of a predetermined optical refractive index. 

5. The circuit of claim 4 wherein said information signal 
is of a predetermined bandwidth, and wherein the specified 
maximum value is determined by dividing the speed of light 
by a quantity comprising said optical refractive index mul- 
tiplied by said bandwidth. 

6. The circuit of claim 3 wherein said specified maximum 
value is 0.3 meters for an information signal bandwidth on 
the order of 100 MHz. 

7. An electro optical circuit for transmitting an informa- 
tion signal to a predetermined location comprising: 

a laser for generating a coherent light beam; 

modulating means for receiving said coherent light beam 
and said information signal for generating first and 
second modulated light signals by modulating said 
coherent light beam with said information signal and an 
inversion of said information signal; 

first and second optical transmission paths for respec- 
tively coupling said first and second modulated light 
signals from said modulating means to said predeter- 
mined location; and 

first and second series-coupled photodiodes at said pre- 
determined location for respectively receiving said first 
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and second modulated light signals and being respon- 
sive thereto to respectively generate first and second 
DC photocurrents. each of said photocurrents corre- 
sponding to said coherent light beam, and first and 
second information current components, said first and s 
second DC currents being combinable to mutually 
nullify effects of said DC current components, and said 
first and second information current components being 
combinable to provide an output signal representing 
said information signal. 10 

8. The circuit of claim 7 including amplifier means 
coupled to said first and second photodiodes for amplifying 
a summation of said first and second information current 
components to provide said output signal. 

9. The circuit of claim 7 wherein said first and second is 
optical transmission paths have a specified length relation- 
ship with each other. 

10. The circuit of claim 9 wherein said information signal 
is of a predetermined bandwidth, said first and second 
optical transmission paths respectively comprise fiber optic 20 
cables having a predetermined optical refractive index and 
wherein the specified lengths of said first and second optical 
transmission paths differ from each other by less than a 
maximum value determined by dividing the speed of light 
by a quantity comprising said optical refractive index mul- 25 
tiplied by said bandwidth of said information signal. 

11. The circuit of claim 1 wherein said modulating means 
comprises a Mach-Zehnder interferometer. 

12. A method for transmitting an information signal to a 
remote location, said method comprising the steps of: 30 

providing a source of coherent light; 
generating first and second modulated light signals 
respectively comprising said coherent light modulated 



8 

by said information signal* and said coherent light 
modulated by an inversion of said information signal; 

transmitting said first and second modulated light signals, 
respectively, to said remote location through first and 
second optical transmission paths, respectively; 

at said remote location, converting said transmitted first 
and second modulated light signals into first and second 
DC current components I x . I 2 which both correspond to 
said coherent light produced by said source, a first 
information current component corresponding to said 
information signal, and a second information current 
component corresponding to the inversion of said infor- 
mation signal; and 

combining said first and second DC current components 
to mutually nullify effects thereof, and combining said 
first and second information current components to 
provide said informatioD signal. 

13. The method of claim 12 wherein said first and second 
optical transmission paths have a specified length relation- 
ship with each other. 

14. The method of claim 13 wherein said information 
signal is of a predetermined bandwidth, said first and second 
optical transmission paths respectively are of a predeter- 
mined optical refractive index, and wherein the lengths of 
said first and second optical transmission paths differ from 
each other by less than a maximum value determined by 
dividing the speed of light by a quantity comprising said 
optical refractive index multiplied by said bandwidth. 

* * * * * 
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[57] ABSTRACT 

An intensity modulator having a Mach-Zehnder structure 
with first and second waveguide arms formed of an electro- 
optic polymer. The active molecules of the waveguide arms 
are poled in first and second different and substantially 
orthogonal directions. Electrodes are arranged to receive a 
modulating voltage and generate first and second electric 
fields which are respectively aligned with the first and 
second directions. As a consequence, the modulation depth 
of an optical signal which is transmitted through the modu- 
lator is substantially insensitive to the polarization of the 
signal. Other embodiments combine mode splitters and 
combiners with first and second Mach-Zehnder modulators 
which have electro-optic polymer waveguides. The active 
molecules of the arms of the two Mach-Zehnder modulators 
are poled in orthogonal directions. 

19 Claims, 3 Drawing Sheets 
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POLARIZATION-INSENSmVE, ELECTRO- in SM fibers, e.g.. fiber asymmetries and Momogeneities. 

POLAKlZAi ujjn i rawuM iiiyg Accordingly, intensity modulators are often coupled to 

u lasers with polarization-maintaining (PM) fibers to insure 

GOVERNMENT RIGHTS that a linearly polarized signal is presented for modulation 

5 with its polarization properly aligned. Although thisarrange- 
The government has certain rights in this invention in mem fc technicaUy acceptable, the current cost of PM fibers 
accordance with MDA 972-94-3-0016 awarded by the ( _ $J w $? ^ becomes excessive when modulators 
Advanced Research Projects Agency (ARPA). and siglla i sources are widely spaced. For example, in many 

« »r*njr»iTMn of THF INVENTION CATV applications a single laser feeds several modulators 

BACKGROUND OF THE INVENTION ^ ^located at distances from the laser of several 

1. Field of the Invention kilometers. The cost of such systems would be dramatically 
The present invention relates generally to optical modu- reduced if PM fibers could be replaced with SM fibers 

lators and more particularly to electro-optic modulators. because the current cost of SM fibers (-$0. 15 to $0.22 per 

2. Description of the Related Art meter) is considerably less than that of PM fibers. 
Optical intensity modulators are used in high-speed, liber- » Prirnarily for this reason, several struts have been 

optic links f or a variety of applications, e.g., antenna proposed to permit coupling of lasers and modulators with 
r^otinTcabTe television and ^rnmunicaticS, systems. SM fibers. In one of these struts, meud members are 
Although electro-absorption modulators can be used in some positioned about the input port of the <"^^"*? 
modulation application^ electro-optic modulators are gen- absorb undesired polanzauon components. Unfortunately, 
erally preferred because of their superior signal fidelity. » this structure absorbs a considerable portion. e.g.. >50%.of 
Z5 modulators utilize the linear electro-optic the optical signal. Polarizing beam splitters areayadable 
*S&^M<*cmiMn*^*&»«^ which accept an urJmown rxuarizauon and invert 'Uo rwo 
e.g.. uthium niobate (LiNbO,). and semiconductors. e.g.. known po^zatwns which «uj One «te coupled W to two 
gallium arsenide, is a proportional change in refractive index arms of a Mach Zehnder mooter Hwev^flmnn 
N to an applied elcctricfield E. 25 Evolves additional parts cost (the beam splitter) and assem- 

°Tne refractive index N„ of a material is defined as cVc„ in »ly cost (ejection of additional fiber* 
which c and c are the speeds of tight respectively in free An x-cut LiNbO, crystal in which the electric field is 
space and in the material. Therefore, the time for light to oriented along the y-axis and the optical field propagates 
travel a distanced me .tuu^^ along foe z-axis has been shown (see ^^ito^ J;; 

time is proportional to N„L which is known as the "optical 30 "Polarisation-independent UNb03 Waveguide Optical 
path length". Therefore, phase modulation of an optical Modulator-, Electronics Utters, Vol. 28. No. 6. Mar.12. 
signal passing through an electro-optic waveguide of length 1992. pp. 566-567) to have substantially the same elecfrc- 
L is preagonal to an applied electric field because Ihe optic coefficient r in orthogonal planes along the z-axis. 
optical path length NX is proportional to the electric field. „ Therefore, orthogonal vector components of the optical 
. . ^ V. . , .„ . . 35 .j-nal's polarization are modulated with the same sensrov- 

One conventional electro-optic modulator is the Mach- signal & puuuuauuu <ua- iu*™*. , .. „ . 

Zehnder modulator in which an optical signal at an input ity. However, the electrc-optic coefficient is a fraction (e.g.. 
pSbTpStr^iS counts which travel down -Wo) of the coefficient of convention^ i modulators so .that 
to and second waveguide amXfore being recombined at the modulating vouage must be increased accordmgly (e g 
af^^At leTone of me arms is In electro-optic „ by a factor of -10) which increases the complexly of the 
waveguideVPhase modulation in this arm is converted to 40 modulauon-voltage generator, 
intensity modulation in the modulator by constructive and SUMMARY OF THE INVENTION 

destructive interference when the signal components are 

recombined. The present invention is directed to polarization- 

In crystals, the magnitude of the linear electro-optic 4J insensitive, electro-optic modulators which are simple, do 
coefficient r is a function of the crystal axes. For example, not require additional parts for operation and have sensi- 
in UNbOj the largest coefficient r„ occurs along the crys- tivities which are comparable to present electro-optic crystal 
talline z-axis. For the highest modulation sensitivity, the modulators. 

electric and optical fields must both be aligned along die These goals are achieved with a recognition that the active 
z-axis. If die optical field is misaligned, only the signal x molecules of first and second regions of a single etectro- 
vector component along the z-axis will be modulated with optic polymer member can be aligned respectively along 
the sensitivity of the r 33 coefficient and other vector com- first and second different directions and a recognition that 
ponents will be modulated with a different sensitivity. the arms of a Mach-Zehnder modulator structure can be 

Thus. Ihe modulation sensitivity is a function of the formed with electrc-optic polymer waveguide arms that 
alignment between the electric and optical signals and the 5S respectively contain these first and second regions. Finally, 
crystal i*., it is a function of the vector overlap (dot it is recognized that a polarizauon-insensidve modulator can 
oroduct) of the optical and electrical fields. For this reason. be completed by generating first and second electric fields 
Mach Zehnder modulators are typically used with optical across the first and second waveguide arms and aligning 
signals which have a single, linearly polarized mode whose these fields respectively with the first and second directions, 
polarization (the direction of the electric field) is properly <so In one embodiment, the first and second directions are 
aligned with the modulator's crystal. The modulation sen- preferably orthogonal so that a first vector component of an 
sitivity for other signals, e.g.. an elliptically polarized mode input optical signal which aligns with the first direction is 
or a multimode signal, is unpredictable. phase modulated in the first waveguide arm and not in the 

Although laser-generated signals are highly polarized and second waveguide arm. Similarly, a second vector compo- 
sinele-mode (SM) optical fibers conduct linearly-polarized 65 nent of the input optical signal which aligns with the second 
aimals with great fidelity, the orientation of the polarization direction is phase modulated in the second waveguide arm 
is randomly routed after a few meters due to various effects and not in the first waveguide arm. By configuring the 
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modulator structure so that phase modulation through the 
first arm equals that through the second arm. the intensity 
modulation of the modulator is caused to be substantially 
insensitive to the optical signal's polarization. 

Another embodiment positions first and second Mach- 
Zehnder modulator structures between an input mode split- 
ter and an output mode combiner. The active molecules of 
the waveguide arms of the first Mach-Zehnder modulator are 
aligned in a first direction and the active molecules of the 
waveguide arms of the second Mach-Zehnder modulator are 
aligned in a second and preferably orthogonal direction. 
Electrodes are arranged to generate first and second electric 
fields which are aligned respectively with the first and 
second directions and positioned across the waveguide arms 
respectively of the first and second Mach-Zehnder modula- 
tors. The modulators are configured with substantially equal 
"switching voltages" V K in the planes of their electric fields. 
The mode splitters and combiners guide different vector 
components of an input optical signal through the different 
Mach-Zehnder modulators. 

The novel features of the invention are set forth with 
particularity in the appended claims. The invention will be 
best understood from the following description when read in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is apian view of a polarization-insensitive, clcctro- 
optic modulator embodiment in accordance with the present 
invention; 

FIG. 2 is a view along the plane 2 — 2 of FIG. 1; 

FIG. 3 is a diagram which compares an unpredictable, 
input optical signal polarization with its vector components 
along orthogonal planes of modulating electric fields and 
electro-optic coefficients in waveguide arms of the modula- 
tor of FIGS. 1 and 2; 

FIG. 4 is a plan view of another polarization-insensitive 
electro-optic modulator embodiment; and 

FIG. 5 is a view similar to FIG. 2 which illustrates an 
interim fabrication step of the modulator of FIGS. 1 and 2. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIGS. 1 and 2 illustrate an optical intensity modulator 20. 
The figures also show SM fibers 22 and 24 which are 
respectively coupled to an input port 26 and an output port 
27 of the modulator 20. The modulator embodiment 20 is 
configured to accept an optical signal 28 at its input port 26 
and deliver an optical signal 29 at its output port 27 which 
is modulated with a sensitivity mat is a function of a 
predetermined electro-optic coefficient r. In particular, the 
modulation sensitivity is insensitive to the polarization of 
the input signal 28. 

In structural detail. FIG. 2 shows that the modulator 20 
has an electro-optic polymer member arranged as a layer 30 
and positioned between an upper polymer cladding layer 32 
and a lower polymer cladding layer 34. These polymer 
layers are supported by a substrate 36. 

An optical waveguide system 40 (see FIG. 1) is formed by 
any conventional process, e.g.. selective photobleaching 
with ultraviolet light or selective etching of the electro-optic 
layer 30, which defines optical waveguides. Typically, these 
waveguides have a channel-like core region having a core 
refractive index and a wall or cladding region having a wall 
refractive index which is less than the core refractive index. 
These waveguides control the passage of light along the core 
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region by total internal reflection because of the differences 
in refractive indices of the core and wall regions. 

The electro-optic polymer waveguides are arranged to 
form the system 40. In particular, they include a first 

5 waveguide arm 42, a second waveguide arm 44, an input 
waveguide 46 and an output waveguide 48. Ends 50 and 52 
of the waveguide arms 42 and 44 are coupled to an outer face 
54 of the modulator 20 by the input waveguide 46. The end 
of the input waveguide 46 which adjoins the face 52 forms 

10 the input port 26. In a similar manner, ends 56 and 58 of the 
waveguide arms 42 and 44 are coupled to an outer face 59 
of the modulator 20 by the output waveguide 48. The end of 
the output waveguide 48 which adjoins the face 59 forms the 
output port 27. The waveguide arm 42, the waveguide arm 

15 44. the Input waveguide 46 and the output waveguide 48 are 
arranged in the structural form of a conventional Mach- 
Zehnder modulator. 

An electric field generation system 60 has metallic elec- 
trodes 64. 66 and 68 which are deposited on an upper surface 

20 69 of the substrate 36 and which, therefore, have the 
coplanar relationship of FIG. 2. The system 60 is energized 
by a voltage generator 70 having a modulating voltage of 
V m . The generator 70 can be connected across the electrodes 
66 and 64 and across the electrodes 66 and 68 with con- 

25 ventional interconnects (e.g.. deposited metallic lines on the 
substrate's upper surface 69) which are indicated schemati- 
cally in FIG. 1 with lines and ground symbols. For clarity of 
illustration, portions of the upper cladding layer 32, the 
electro-optic polymer layer 30 and the lower cladding layer 

30 34 are removed in FIG. 1 to better illustrate the electrodes 
64. 66 and 68. The positions of members of the waveguide 
system 40 in the removed portions are indicated fay phantom 
lines. 

35 The electrodes 64 and 66 are positioned so that when the 
modulating voltage V M is impressed upon them, they gen- 
erate an electric field across the first waveguide arm 42 as 
indicated by an exemplary electric field line 72 through the 
waveguide arm 42, To indicate the symmetry of the electric 
field, a corresponding electric field line 73 is shown on the 
opposite side of the electrodes 64 and 66. The electrodes 66 
and 68 are positioned so that when the modulating voltage 
V m is impressed upon them, they generate an electric field 
across the second waveguide arm 44 as indicated by an 

45 exemplary electric field line 74 through the waveguide arm 
44. Again, the symmetry of the electric field is indicated by 
a corresponding electric field line 75 on the opposite side of 
the electrodes 66 and 68. 
In particular, an upper edge of the electrode 66 is posi- 

50 tioned underneath the waveguide arm 42 and the electrode 
64 is spaced away from the upper edge of the waveguide arm 
42 by a space 76. A lower edge of the electrode 66 and an 
upper edge of the electrode 68 are each spaced away from 
the waveguide arm 44 by a space 77. 

55 Subsequent to the definition of the waveguide system 40, 
portions of the waveguide arms 42 and 44 are poled, i.e., 
exposed to a strong electric field, to at least partially align 
their active molecules along a selected plane through each 
arm In particular, the active molecules of the first electro- 

60 optic waveguide 42 are at least partially aligned along a 
plane which is substantially parallel to the electric field line 
72 as it passes through the first electro-optic waveguide 42 
in FIG. 2, i.e., parallel to a direction arrow 82 and orthogonal 
to the upper substrate surface 69. Also, the active molecules 

65 of the second electro-optic waveguide 44 are at least par- 
tially aligned along a plane which is substantially parallel to 
the electric field line 74 as it passes through the second 
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electro-optic waveguide 44 in FIG. 2, i.e.. parallel to a product) with the electric field (along the direction 82) in the 

direction arrow 84 which is orthogonal to the direction waveguide arm 42 and an overlap i] 2 with the electric field 

gjj^ g2. (along the direction 84) in the waveguide arm 44. Because 

' A , , ,i n ,+n,=l. the input signal 28 will be phase modulated in 

Because of these active molecule j^gnments the ^ e ^ on of 

waveguide arm 42 has an electro-optic coefficient r t along a * W1UI urc C4Urt 

plane through the arm 42 which is parallel with the direction (1) 

arrow 82 and much smaller (by at least an order of w=nN*/£i -j- J 
magnitude) electro-optic coefScients along other planes 

through the arm 42. Also because of the molecule as long as me waveguide arms 42 and 44 have (parallel with 

alignments, the waveguide arm 44 has an electro-optic 10 respective direction arrows 82 and 84) the same refractive 

coefficient r 2 along a plane through the arm 44 which is into. * ^ 1^^^° C ^, aC l r , *5 "2 

parallel with the direction arrow 84 and much smaller (by at fidd strength E and the same length L of poled 

otha : planes trough the arm 44. The pc4mg of arms 42 ^^Sn^ber^ 

and 44 is preferably adjusted so that r 1= r^r m which i :is ;a » ^ d ^^ 42 B ^ d44 a sde ction of the 

predetermined electro-optic coefficient. In a feature of the ^ ?fi and ^ ^ ssm& lcngth L of e iectro-optic 

invention, therefore, the polymer waveguide arms 42 and 44 waV eguide is achieved by an appropriate control of the 

are configured with substantially equal electro-optic coeffi- poling process. 

cients along orthogonal planes. When A<*=IC the recombination interference in the output 

In operation of the intensity modulator 20, an optical 20 waveguide 48 will cause a complete cutoff of the output 

signal 28 is coupled to the input port 26 by the SM fiber 22. signal 29. The electric field required to switch the modulator 

The signal 22 is split into two substantially equal signal 20 from full on to full off is given by 
portions. One portion is coupled to the waveguide arm 42 

through its end 50 and the other portion is coupled to the , f l \ \ ~ l 

waveguide arm 44 through its end 52. After passing through £ t = j 2jV 0 V (x ) f ■ 
the waveguide arms 42 and 44, the signal portions are 

coupled through respective ends 56 and 58 Ito the output field E* will be produced by a switching 

waveguide where they combine to form a modulated signal ^ ^ ^ ^ ?Q 

, . 30 to switch the output signal 29 from full on to full off. The 

The polarization of the input optical signal 28 is repre- valt|e ^ y is dependent upon the selected spatial arrange- 

sented in FIG. 3 by an arrow 28 A. Although the orientation ment ^tween the electrodes 64, 66 and 68 and the arms 42 

of mis polarization 28A is unjredictable, it will have vector afl(J ^ (includmg me selected magnitudes of the spaces 76 

components 92 and 94 which are respectively parallel with ^ ^ 

the orthogonal direction arrows 82 and 84. The vector 35 H * dcscrlbed the operation of one modulator 

component 92 will be phase modulated I in the waveguide embodiment it h noted mat equation (1) shows that the 

arm 42 because (as exemplified by the direction arrow 82) modulator 20 will be polarization insensitive as long as A<t> 

it aligns with the plane of the arm 42 which has an is me same m ^ wave guide arms 42 and 44 along their 

electro-optic coefficient r and also aligns with the modulat- respective direction arrows 82 and 84 (alternatively, as long 

ing electric field in the arm 42. Because the vector compo- ^ flg me 8witchlng voltage v k me same in the waveguide 

nent 92 is orthogonal with the electro-optic plane and arms 42 and 44). 

electric field of the waveguide arm 44, it will be substan- Therefore, other embodiments of the modulator 20 may 

tiaily unmodulated in this arm. have different parameter values for the waveguide arms 42 

In a similar process, vector component 94 will be phase m $ 44 e g different electro-optic coefficients r, and r 2 . 

modulated in the waveguide arm 44 because (as exemplified 43 different electric fields E across the waveguide arms 42 and 

by the direction arrow 84) it aligns with the plane of the arm 44 m £ different lengths L of poled active molecules. It is 

44 which has an electro-optic coefficient r and also aligns only necessar y that these parameters be selected so that the 

with the modulating electric field in the arm 44. Because the ^ of equation (i) & substantially equal in the waveguide 

vector component 94 is orthogonal with the electro-optic arms 42 and 44 along their respective direction arrows 82 

plane and electric field of the waveguide arm 42, It will be ^ and 84 (equivalently. the same switching voltage V n along 

substantially unmodulated in mis arm. the direction arrows 82 and 84). For example. r r could be 

In FIG. 1 therefore, relative to the vector component 92, greater than r 2 as long as the electric field E in the waveguide 

a phase modulated signal at the end 56 of the waveguide arm arm 44 were increased accordingly. In modulator embodi- 

42 will combine with an unmodulated signal at the end 58 ments of the invention, the planes of electric fields and 

of the waveguide arm 44 and form a first intensity modulated 35 electro-optic coefficients of the waveguide arms 42 and 44 

signal. Relative to the vector component 94. an unmodulated are preferably orthogonal. 

signal at the end 56 of the waveguide 42 will combine with Another modulator embodiment 120 is shown in FIG. 4. 

a phase modulated signal at the end 58 of the waveguide arm SM fibers 122 and 124 can be respectively coupled to an 

44 and form a second intensity modulated signal. The first i npil t port 126 and an output port 127 of the modulator 120. 

and second intensity modulated signals combine as an 50 The modulator embodiment 120 is configured to accept an 

output signal 29 which has been intensity modulated in optical signal 128 at its input port 126 and deliver an 

accordance with a electro-optic coefficient r. In a feature of intensity modulated optical signal 129 at its output port 127 

the invention, this operation will occur regardless of the whose modulation depth is insensitive to the polarization 

orientation of the polarization 28A, Le., the intensity modu- orientation at the input port 126. 

lator 20 is polarization insensitive. 65 The modulator 120 has a layered structure which is 

Mathematically, the unpredictable polarization 28 A of the similar to that of the modulator 20. An electro-optic polymer 

optical field of the signal 28 will have an overlap (dot layer 130 is positioned between an upper polymer cladding 
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layer 132 and a lower polymer cladding layer 134. These 
polymer layers are supported by a substrate 136. 

The modulator 120 has an optical waveguide system 140 
which is formed with processes similar to those of the 
modulator 20. However, the waveguide system 140 includes 5 
an upper Mach-Zehnder intensity modulator structure 142 
and a lower Mach-Zehnder intensity modulator structure 
144. The upper modulator structure 142 has arms 145 and 
146 which are both poled to have an electro-optic coefficient 
r in a plane which is orthogonal to the substrate 136, Le., a w 
plane oriented similar to the direction arrow 82 of FIG. 2. In 
contrast, the lower modulator structure 144 has arms 147 
and 148 which are both poled to have an electro-optic 
coefficient r in a plane which is parallel to the substrate 136. 

1. e.. a plane oriented similar to the direction arrow 84 of FIG. 

2. 15 
The waveguide system 140 also includes a mode splitter 

150 and a mode combiner 152. The upper modulator struc- 
ture 142 and the lower modulator structure 144 are respec- 
tively coupled to the mode splitter 150 with waveguides 153 
and 154. They are respectively coupled to the mode com- 20 
biner 152 with waveguides 155 and 156. The mode splitter 
150 includes a waveguide 158 which couples it to the input 
port 126 and the mode combiner 152 includes a waveguide 
159 which couples it to the output port 127. 

An electric-field generation system 160 has metallic elec- 25 
trades 164. 166 and 168 which are positioned in a relation- 
ship with the waveguide arms 145 and 146 mat is similar to 
the relationship between the electrodes 64 and 66 and the 
arm 42 of the modulator 20. That is, a relationship which 
generates an electric field in both arms 145 and 146 mat is 30 
orthogonal to the substrate 136. i.e., a field oriented similar 
to the direction arrow 82 of FIG. 2. 

The electric-field generation system 160 also has metallic 
electrodes 174. 176 and 178 which are positioned in a 
relationship with the waveguide arms 147 and 148 that is 35 
similar to the relationship between the electrodes 66 and 68 
and the arm 44 of the modulator 20. That is, a relationship 
which generates an electric field in both arms 147 and 148 
mat is parallel to the substrate 136, Le.. a field oriented 
similar to the direction arrow 84 of FIG. 2, The system 160 40 
is energized by a voltage generator 170 having a modulating 
voltage of V m . 

For clarity of illustration, portions of the upper cladding 
layer 132, the electro-optic polymer layer 130 and the lower 
cladding layer 134 are removed in FIG. 3 to better illustrate 45 
the electric-field generation system 160. The positions of 
members of the waveguide system 140 in the removed 
portions are indicated by phantom lines. 

The mode splitter 150 is a conventional structure (e.g., see 
Yap. D. et aL, 'Passive TflUNb03 channel waveguide 50 
TE-TM mode splitter**. Applied Physics Letters. Vol. 44, No. 
6, Mar. 15, 1984, pp. 583-585) which includes a waveguide 
section 180 having a width 182 and a length 184. The width 
182 is selected to support two propagation modes of the 
input signal 128. Preferably, these are the lowest two propa- 55 
gauon modes of the input signal 128 which have symmetric 
and antisymmetric intensity distributions across the 
waveguide 180. For example, if the signal 128 has a fun- 
damental TE i0 mode, the waveguide width 182 is selected to 
support the TE lo and TE^ modes. Because these modes 60 
propagate along the waveguide 180 with different propaga- 
tion constants, their symmetric and antisymmetric intensity 
distributions across the waveguide 180 sometimes combine 
to concentrate the electromagnetic energy in the upper half 
of the waveguide 180 and sometimes in the lower half of the 65 
waveguide 180. This concentration is periodic as the energy 
moves along the length 184. 
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In addition, the difference in propagation constants has 
one value for a first vector component of the polarization of 
the input signal 128 which is parallel with the substrate 136 
(i.e., oriented similar to the direction arrow 82 of FIG. 2) and 
a different value for a second vector component of the input 
signal 128 that is parallel to the substrate 136 (i.e.. oriented 
similar to the direction arrow 84 of FIG. 2). Accordingly, it 
is possible to select the length 184 so that the first vector 
component is in the upper half of the waveguide 180 and the 
second vector component is in the lower half of the 
waveguide 180 for signal energies positioned at the end of 
the waveguide 180 that is coupled to the waveguides 153 
and 154. 

Thus, in operation of the modulator 120. the polarization 
of the signal energy that is coupled to the Mach-Zehnder 
modulator 142 will align with the plane of the electro-optic 
coefficient and the modulating electric field in both arms 145 
and 146 (i.e., a plane oriented similar to the direction arrow 
82 of FIG. 2). As a result, an intensity modulated signal is 
coupled into the waveguide 155. In a similar process, the 
polarization of the signal energy that is coupled to the 
Mach-Zehnder modulator 144 wiil align with the plane of 
the electro-optic coefficient and the modulating electric field 
in both arms 147 and 148 (Le.. a plane oriented similar to the 
direction arrow 84 of FIG. 2). As a result, an intensity 
modulated signal is coupled into the waveguide 157. 

Because the mode combiner 152 is the structural comple- 
ment of the mode splitter 150, the modulated signals of the 
waveguides 155 and 157 are combined into the output signal 
129 which will have the same fundamental propagation 
mode as the input signal 128. In a feature of the invention, 
the modulation depth of this operation is insensitive to the 
orientation of the polarization of the input signal 128. It is 
only necessary that (similar to the modulator 20 of FIGS. 1 
and 2) the structure and parameters (e.g., electro-optic 
coefficients, electric field strengths, and waveguide lengths 
of poled active molecules) of the Mach-Zehnder modulators 
142 and 144 be selected to have substantially the same 
switching voltage 

Although the modulator 120 of FIG. 3 is somewhat more 
complex than the modulator 20 of FIGS. 1 and 2. it has a 
higher modulation sensitivity because phase modulations of 
opposite sign are produced (a "push-pull" process) in the 
arms 145 and 146 of the modulator 142 (and in the arms 147 
and 148 of the modulator 144). In contrast, phase modula- 
tion is only produced in one of the arms 42 and 44 in the 
modulator 20 for each polarization component. 

Fabrication steps of the modulator 20 of FIGS. 1 and 2 (or 
the modulator 120 of FIG. 4) include the selection of an 
electro-optic polymer for the electro-optic layer 30. Such 
polymers typically contain electro-optic chromophores car- 
ried in physical association with polymer materials, e.g.. 
polyimides or acrylates. Generally, the chromophores are 
mixed with the polymer or are attached to the polymer as 
side chains. Although the electro-optic coefficients of such 
polymers is typically lower than those of electro-optical 
crystals, the trend of recent polymer developments has been 
to decrease the difference. 

The substrate 36 can be of various conventional insulating 
materials, e.g., silicon or quartz. The cladding layer 34 
serves primarily to space the waveguide arms 42 and 44 
sufficiently from the electrodes that electromagnetic energy 
is not excessively coupled out of the arms 42 and 44. The 
cladding layer 32 serves primarily to protect and seal the 
modulator. The material of the cladding layers can be of a 
variety of polymers such as polyimides or acrylates. The 
layers 30, 32 and 34 can be applied by conventional 
processes, e.g.. spinning. 
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The electrodes 64. 66 and 68 can be deposited, e.g., by 
evaporation or sputtering, onto the substrate with, various 
metals, e.g., aluminum, copper or gold. The electric-field 
generation system 60 can include a variety of electrode 
embodiments. For example, the electrodes 64. 66 and 68 of 
FIGS. 1 and 2 can be positioned on top of the upper cladding 
layer 32. In another embodiment, the temporary electrode 
186 of FIG. 5 is substituted for the electrode 64 to apply 
(with the electrode 66) a modulating voltage to the 
waveguide arm 42. 

In an exemplary photobleaching process for fonniiig the 
waveguide system 40, a planar layer of electro- optic mate- 
rial is deposited. The layer is then exposed to ultravilet light 
through a mask such mat only the wall regions are exposed 
and thus bleached. The refractive index of the exposed wall 
material is reduced by the bleaching which produces higer 
refractive-index core regions and lower refractive-index 
wall regions. 

In an exemplary etching process for forming the 
waveguide system 40, a planar layer of electro-optic mate- 
rial is masked and selectively etched away such that only the 20 
core regions remain. A second layer of cladding material 
which has a lower refractive index than the core is deposited 
to fill the the etching voids. This second layer can be (but 
need not be) of the same material as the upper cladding 
layer, e.g., the layer 32 in FIG. 2. 

In FIG. 1, the wall region of each waveguide is indicated 
by the waveguide edges, e.g., the broken lines 42W of the 
waveguide arm 42, and the core region is the area within the 
waveguide edges, e.g.. the area 42C within the broken lines 
42W of the waveguide arm 42. 

Thus, although both the core and wall regions of the 
waveguide system 40 may be comprised of dectro-optic 
polymers, modulator embodiments can be formed with only 
the core regions formed of an electro-optic polymer. Modu- 
lator embodiments may also form the ends 50. 52. 56 and 58 35 
of the waveguide arms 42 and 44 and the input and output 
waveguides 46 from conventional polymers rather than 
electro-optic polymers. 

The poling voltage for setting the orientation and strength 
of the electro-optic coefficients of the waveguide arms 42 40 
and 44 may conveniently be performed prior to deposition of 
the cladding layer 32. In the case of the waveguide arm 44, 
the poling field may be established by a voltage across the 
electrodes 66 and 68. In the case of the waveguide arm 42, 
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direction which is different from said first direction, 
said first electro-optic polymer waveguide having input 
and output ends; 
said input ends of said first and second electro-optic 
polymer waveguides coupled together to form an input 
port; 

said output ends of said first and second electro-optic 
polymer waveguides coupled together to form an out- 
put port; and 

an electric-field generation system which includes first, 
second and third coplanar electrodes, said first and 
second coplanar electrodes arranged to receive said 
modulating voltage and generate a first electric field 
across said first electro-optic polymer waveguide 
which is substantially parallel with said first direction 
and said second and third coplanar electrodes arranged 
to receive said modulating voltage and generate a 
second electric field across said second electro-optic 
polymer waveguide which is substantially parallel with 
said second direction; 

said optical signal modulated by said modulating voltage 
when said modulating voltage is applied to said 
electric-field generation system and said optical signal 
is received into said input port and transmitted to said 
output port. 

2. The polarization-iQsensitive modulator of claim 1 
wherein said first and second directions are substantially 
orthogonal. 

3. The polarization-insensitive modulator of claim 1 
wherein said first and second electro-optic polymer 
waveguides each include; 

an electro-optic polymer core having a core refractive 
index; and 

a polymer wall adjoining said core and having a wall 
refractive index which is less than said core refractive 
index. 

4. The polarization-insensitive modulator of claim 3 
wherein said electro-optic polymer core includes a plurality 
of electro-optic chromophores carried in physical associa- 
tion with a polymer. 

5. The polarization-insensitive modulator of claim 1 fur- 
ther including an electro-optic polymer member which is 
configured to include said first electro-optic polymer 



the poling field may be established by a voltage across the 45 waveguide and said second electro-optic polymer 



electrode 62 and a temporary electrode 186 which is depos- 
ited over the electro-optic polymer layer 36 as shown in FIG. 
5. After the poling of the waveguide arms 42 and 44 has been 
completed, the temporary electrode 174 can be removed and 
the cladding layer 32 of FIGS. 1 and 2 applied. 

While several illustrative embodiments of the invention 
have been shown and described, numerous variations and 
alternate embodiments will occur to those skilled in the art 
Such variations and alternate embodiments are 



contemplated, and can be made without departing from the 55 comprising: 



waveguide. 

6. The polarization-insensitive modulator of claim 1 
wherein said second electrode is positioned adjacent to said 
first electro-optic polymer waveguide, said first electrode is 

50 spaced from said second electrode and said second and third 
electrodes are each spaced from said second electro-optic 
polymer waveguide. 

7. A polarization-uisensitive modulator for intensity 
modulation of an optical signal with a modulating voltage. 



spirit and scope of the invention as defined in the appended 
claims. 
We claim: 

1. A polarization-insensitive modulator for intensity 
modulation of an optical signal with a modulating voltage* 
comprising: 

a first electro-optic polymer waveguide having active 
molecules that are at least partially ordered in a first 
direction, said first electro-optic polymer waveguide 
having input and output ends; 

a second electro-optic polymer waveguide having active 
molecules that are at least partially ordered in a second 



60 



65 



a Mach-Zehnder intensity modulator having an input port, 
an output port and first and second arms coupled 
between said input and output ports, said first arm 
including a first electro-optic polymer waveguide hav- 
ing active molecules which are at least partially ordered 
in a first direction and said second arm including a 
second electro-optic polymer waveguide having active 
molecules which are at least partially ordered in a 
second direction which is different from said first 
direction; and 

an electric-field generation system which includes first, 
second and third coplanar electrodes, said first and 
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second coplanar electrodes arranged to receive said 
modulating voltage and generate a first electric field 
across said first electro-optic polymer waveguide 
which is substantially parallel with said first direction 
and said second and third coplanar electrodes arranged 
to receive said modulating voltage and generate a 
second electric field across said second electro-optic 
polymer waveguide which is substantially parallel with 
said second direction; 
said optical signal modulated by said modulating voltage 
when said modulating voltage is applied to said 
electric-field generation system and said optical signal 
is received into said input port and transmitted to said 
output port. 

8. The polarization-insensitive modulator of claim 7 
wherein said first and second directions are substantially 
orthogonal. 

9. The polarization-insensitive modulator of claim 7 
wherein said first and second electro- optic polymer 
waveguides each include; 

an electro-optic polymer core having a core refractive 
index; and 

a polymer wall adjoining said core and having a wall 
refractive index which is less than said core refractive 
index. 

10. The polarization-insensitive modulator of claim 9 
wherein said electro-optic polymer core includes a plurality 
of electro-optic chroraophorcs carried in physical associa- 
tion with a polymer. 

11. The polarization-insensitive modulator of claim 7 
further including an electro-optic polymer member which is 
configured to include said first electro-optic polymer 
waveguide and said second electro-optic polymer 
waveguide. 

12. The polarization-insensitive modulator of claim 7 
wherein said second electrode is positioned adjacent to said 
first electro-optic polymer waveguide, said first electrode is 
spaced from said second electrode and said second and third 
electrodes are each spaced from said second electro-optic 
polymer waveguide. 

13. A polarization-insensitive modulator for intensity 
modulation of an optical signal with a modulating voltage, 
comprising: 

a first Mach-Zehnder intensity modulator having an input 
port, an output port and first and second electro-optic 
polymer waveguide arms coupled between said input 
and output ports, each of said arms having active 
molecules which are at least partially ordered in a first 
direction; 

a second Mach-Zehnder intensity modulator having an 
input port, an output port and first and second electro- 
optic polymer waveguide arms coupled between said 
input and output ports, each of said arms having active 
molecules which are at least partially ordered in a 
second direction which is different from said first 
direction; 

a mode splitter configured to receive said optical signal 
and generate first and second optical signals having 
polarizations substantially parallel respectively with 
said first and second directions, said mode splitter 
arranged to couple said first optical signal to said input 
port of said first Mach-Zehnder intensity modulator and 
to couple said second optical signal to said input port of 
said second Mach-Zehnder intensity modulator; 

a mode combiner configured to receive first and second 
modulated optical signals with polarizations substan- 



20 
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tially parallel respectively with said first and second 
directions from the output ports of said first and second 
Mach-Zehnder modulators and further configured to 
generate a modulated output signal which is the vector 
5 sum of said first and second modulated optical signals; 
and 

an electric-field generation system arranged to receive 
said modulating voltage and generate a first electric 
field across said first and second electro-optic polymer 

10 waveguides of said first Mach-Zehnder intensity modu- 
lator which is substantially parallel with said first 
direction and generate a second electric field across 
said first and second electro-optic polymer waveguides 
of said second Mach-Zehnder intensity modulator 

13 which is substantially parallel with said second direc- 
tion; 

said optical signal modulated by said modulating voltage 
when said modulating voltage is applied to said 
electric-field generation system and said optical signal 
is received by said mode splitter and transmitted to said 
mode combiner. 
14. The polarization-insensitive modulator of claim 13 
wherein said first and second directions are substantially 
orthogonal. 

25 15. The polarization-insensitive modulator of claim 13 
wherein the first and second polymer, optical waveguides of 
said first and second Mach-Zehnder intensity modulators 
each include; 

^ an electro-optic polymer core having a core refractive 
index; and 

a polymer wall adjoining said core and having a wall 
refractive index which is less than said core refractive 
index. 

35 16. The polarization-insensitive modulator of claim 15 
wherein said electro-optic polymer core includes a plurality 
of electro-optic chromophores carried in physical associa- 
tion with a polymer. 

17. The polarization-insensitive modulator of claim 13 
4Q wherein said mode splitter includes: 

a waveguide having an input for reception of said optical 
signal and first and second outputs, said waveguide 
configured to receive a fundamental electromagnetic 
mode at said input and to generate, in response, sym- 

45 metric and antisymmetric electromagnetic modes 
which combine to periodically concentrate different 
polarization energies in different portions of said 
waveguide, said waveguide having a length selected to 
guide different ones of said polarization energies into 

50 different ones of said first and second outputs. 

18. The polarization-insensitive modulator of claim 13 
wherein said electric-field generation system includes first 
second and third coplanar electrodes which are positioned to 
generate said first electric field when said modulating signal 

55 is connected across said first and second electrodes and 
across said second and third electrodes, said electric-field 
generation system also including fourth, fifth and sixth 
coplanar electrodes which are positioned to generate said 
second electric field when said modulating signal is con- 

go nected across said fourth and fifth electrodes and across said 
firm and sixth electrodes. 

19. The polarization-insensitive modulator of claim 18 
wherein: 

said second electrode is positioned adjacent to said first 
65 electro-optic polymer waveguide of said first Mach- 
Zehnder intensity modulator, said first electrode is 
spaced from said second electrode and said second and 
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third electrodes are each spaced from said second 
electro-optic polymer waveguide of said first Mach- 
Zehnder intensity modulator; and 
said fifth electrode is positioned adjacent to said first 
electro-optic polymer waveguide of said second Mach- 5 
Zehnder intensity modulator, said fourth electrode is 



14 

spaced from said fifth electrode and said fifth and sixth 
electrodes are each spaced from said second electro- 
optic polymer waveguide of said first Mach-Zehnder 
intensity modulator. 

***** 
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(57) ABSTRACT 

An optical modulator that includes a resonator near one arm 
of a Mach-Zehnder interferometer and that increases the 
optical length of that arm so as to introduce a phase -shift in 
an optical signal propagating in that arm when compared to 
an optical signal propagating in the other arm of the inter- 
ferometer. The resonator also increases the electro-optic 
interaction between an electrical signal (i.e., the source of 
information in a modulated signal) and the optical devices 
(e.g., waveguides). A modulator constructed in accordance 
with the present invention is thus physically small than prior 
art modulators and requires a significantly reduced drive 
voltage to impart information on an optical signal. 

32 Claims, 6 Drawing Sheets 
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LOW DRIVE VOLTAGE OPTICAL 
MODULATOR 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims priority to Provisional Patent 
Application Serial No. 60/153,174, filed on Sep. 10, 1999, 
pending. 

FIELD OF THE INVENTION 

The present invention is directed to an optical modulator 
and, more particularly, to an optical modulator that includes 
a Mach-Zehnder int erferometer having a resonator coupled 
to one arm that increases the optical length of that arm and 
that also reduces the amplitude of a drive voltage signal 
required to introduce a phase-shift into an optical signal 
propagating through the arm to which the resonator is 
coupled. 

BACKGROUND OF INVENTION 

L A typical Mach-Zehnder modulator includes an interfer- 
ometer having an input waveguide, two arms that branch 
from the input waveguide, and an output waveguide at the 
junction of the two arms. An optical signal is directed into 
and propagates in the input waveguide, and is split between 
the two arms so that approximately one-half of the input 
optical signal propagates in each of the interferometer arms. 
A drive voltage is applied to one arm of the interferometer 
which changes the effective refractive index of that arm and 
introduces a phase-shift in an optical signal propagating in 
that arm. The phase-shifted optical signal combines with the 
non-phase-shifted optical signal at the output waveguide and 
produces amplitude modulation in the optical signal due to 
phase mismatch between the signals and the fact that parts 
of the two optical signals interfere both constructively and 
destructively. The output of the modulator is thus an ampli- 
tude modulated optical signal. A relative phase-shift 
between the optical signals in the two arms of approximately 
it is required to achieve large signal modulation (i.e., the 
ability to switch the output of the modulator between on and 
off states). The voltage required to introduce a phase-shift of 
approximately x, V„, is typically between 5 and 10 volts AC 
(VAC). 

Prior art Mach-Zehnder modulators, such as those made 
from Lithium Niobate, are relatively large (e.g., about 10-60 
millimeters long, measured generally as the length of the 
arm) and require a relatively high V,, (e.g., between 5 and 10 
VAC) because the electro-optic effect in such modulators is 
weak. Semiconductor Mach-Zehnder modulators can be 
smaller (e.g., about 1-20 millimeters long) than those con- 
structed of Lithium Niobate due to stronger electro-optic 
effects for some semiconductor materials, when compared 
with Lithium Niobate. However, approximately 3 mm 
length of waveguide is still required to introduce a phase- 
shift of jc to an optical signal, and a drive voltage of between 
approximately 0.5 and 2 VAC may still be required. 

There thus exists a need in the art for a modulator that 
overcomes the above -described shortcomings of the prior 
art. 

SUMMARY OF THE INVENTION 

The present invention is directed to a low drive voltage 
optical modulator that includes a Mach-Zehnder interferom- 
eter having a resonator located near one of its arms. 

A Mach-Zehnder interferometer having an input 
waveguide that splits to form first and second arms, which 
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converge to form an output waveguide. A resonator having 
a diameter of less than or equal to approximately 50 /im is 
located near one of the first and second arms and operatively 
coupled thereto across a gap having a width of less than or 

5 equal to approximately 0.5 jLcm. When an optical signal is 
directed into the input waveguide, that optical signal is split 
approximately between the arms; with a first portion of the 
optical signal propagating in the first arm and a second 
portion of the optical signal propagating in the second arm. 
Q The resonator is tuned to a predetermined wavelength 
(preferably matched to the wavelength of the optical signal 
directed into the waveguide by an optical source) and a 
portion of the optical signal propagating in the arm near the 
resonator is coupled to the resonator. An AC voltage applied 

15 to the resonator may cause the refractive index of the 
resonator to change, which may cause the optical length of 
the resonator to change thus imparting a phase -shift in the 
optical signal propagating therein. Thus, the optical signal 
propagating in the arm near the resonator, when viewed at a 

2Q location optically downstream from the resonator, is phase - 
shifted with respect to the optical signal propagating in the 
other arm. When the phase-shifted signal recombines with 
the non-phase -shifted signal at the junction of the two arms 
(i.e., at the output waveguide), the optical signal propagating 

25 in the output waveguide and emerging therefrom is ampli- 
tude modulated because the optical signals emerging from 
the respective arms will interfere constructively and destruc- 
tively due to the phase mismatch between those signals. 
In another embodiment of the present invention, a respec- 

30 tive resonator is located near both arms of the Mach- 
Zehnder interferometer. An AC drive voltage of approxi- 
mately equal amplitude, but opposite polarity, is applied to 
the resonators to introduce opposite phase-shifts in the 
optical signal propagating through the two arms, thereby 

35 doubling the amount of phase-shift possible with a given 
voltage. 

In yet another embodiment of the present invention, a low 
drive voltage optical modulator comprises a Mach-Zehnder 
interferometer having an input waveguide, first and second 

4 0 arms connected to the input waveguide, and an output 
waveguide connected to the first and second arms. The 
modulator of this embodiment also includes a phase-shifter 
that is operatively coupled to the first arm across a gap and 
that causes a predetermined phase shift in an optical signal 

4 5 propagating in the first arm. 

The invention accordingly comprises the features of 
construction, combination of elements, and arrangement of 
parts which will be exemplified in the disclosure herein, and 
the scope of the invention will be indicated in the claims. 

50 BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawing figures, which are not to scale, and which 
are merely illustrative, and wherein like reference characters 
denote similar elements throughout the several views: 
55 FIG. 1 is a schematic diagram of an optical modulator 
having a resonator located near one arm of a Mach-Zehnder 
interferometer and constructed in accordance with the 
present invention; 

FIG. 2 is a cross-sectional view taken along the line 2 — 2 
60 of FIG. 1; 

FIG. 3 is a schematic diagram of an optical modulator 
having a respective resonator near both arms of a Mach- 
Zehnder interferometer and constructed in accordance with 
the present invention; 
65 FIG. 4 is a graphical depiction of the phase response of an 
ideal resonator for four different values of the resonator 
reflectivity; 



01/07/2004, EAST Version: 1.4.1 



US 6,341,184 Bl 

3 4 

FIG. 5 is a graphical depiction of the output of an ideal refractive index of light in the resonator 50, and n gap is the 

interferometer for two different values of the resonator effective refractive index of light in the gap 52. The gap 52 

reflectivity- is filled with a medium 54 having a relatively low refractive 

FIG. 6 is a graphical depiction of the amplitude response index- 1w ™bcn compared with the retractive indices of 

of a resonator for four different values of resonator reflec- 5 the resonator 50 and mterferometer 20 (which m a preferred 

. . embodiment, are approximately the same). Preferably, the 

1 1 ^' medium 54 has a refractive index in the range of between 

FIG. 7 is a graphical depiction of the phase response of a approximately 1.0 and approximately 2.0. For example, the 

resonator for two different values of the resonator reflectiv- gap S2 may be giied ^th a i r or with one or more other 

ity and considering the effects of loss in the resonator; materials having a refractive index higher than air such as, 

FIG. 8 is a graphical depiction of the output of an by way of non-limiting example, acrylic, epoxy, silicon 

interferometer for different values of resonator reflectivity dioxide, silicon nitride, spin-on glass, low absorption 

and considering the effects of loss in the resonator; polymers, photoresist, poly-methyl metacrorate, and poly- 

FIG. 9 is a graphical depiction of the output of an imide. 

interferometer having two resonators and for different values The interferometer 20 depicted in FIG. 1 (and FIG. 3), and 

of resonator reflectivity and considering the effects of loss in constructed in accordance with the present invention, 

each resonator- and includes nearly identically constructed arms 26, 28, and the 

FIG. 10 is a graphical depiction of bandwidth versus location of the resonator 50 near either one of the arms 26, 

resonator reflectivity for three different optical path lengths. 28 » thus a ™*"> ma ^ r of d c esi S n " bein S obviol \ s 

to persons skilled in the art from the disclosure provided 

DETAILED DESCRIPTION OF THE 20 herein that operation of the inventive mo dulator 10 does not 

PRESENTLY PREFERRED EMBODIMENTS depend on locating the reS onator 50 near a particular one of 

The present invention is directed to an optical modulator the arms 26, 28. Thus, although the resonator 50 is disclosed 

comprised of a Mach-Zelinder interferometer having a reso- and depicted near arm 26, it may alternatively be located 

nator located near one of the interferometer arms. A portion near arm 28 as a routine matter or design choice, 

of the light propagating in the arm near the resonator is ^n AC voltage source 70 is connected to the resonator 50 

coupled into the resonator which is connected to an AC and applies a drive voltage having a variable amplitude to 

voltage source. By changing the amplitude of the AC the resonator 50 which causes the effective refractive index 

voltage, the refractive index and optical path length of the and optical path length of the resonator 50 to change, 

resonator are changed, which causes a phase-shift in the 3Q Consequently, the optical signal propagating in the resonator 

optical signal propagating in the resonator, when compared 50 experiences a phase-shift based on the amplitude of the 

to the optical signal propagating in the other arm of the drive voltage. Preferably, the applied drive voltage varies so 

interferometer. With a resonator diameter of less than as to cause a phase-shift in the optical signal propagating in 

approximately 50 /an, an optical modulator constructed in the resonator 50 of between approximately 0° and n°. The 

accordance with the present invention is significantly 35 drive voltage required to cause such a phase-shift is referred 

smaller than prior art modulators. In addition, a significantly to herein as V„, and is generally defined by: 
smaller drive voltage (i.e., less than approximately 1 VAC) 

is required to introduce a desired phase -shift (e.g., jc°) in an ^ (1 -r)A (2) 

optical signal propagating in the resonator and in the arm * ~ 

near the resonator. ^ \dv ) 

Referring now to the drawings in detail, a first embodi- 

ment of an optical modulator (also referred to herein as a whefe f {& ^ mirrQr reflectivit of the resonator (defined 

Mach-Zehnder modulator) is depicted in FIG. 1 and gener- b ion (4) L fa ^ ^ fa fc h of 

ally designated by reference numeral 10. Tlie modulator 10 ^ TQsom[ov 50 and defioe(J ^ L=2jtR (R ^ the 

includes a Mach-Zehnder interferometer 20 having an input 45 fesonator ^ fe ^ refractiye 

waveguide 22 which splits at a junction 16 into two arms 26, Qf ^ resonator 50 

28. The interferometer 20 also includes an output waveguide ^ ^ 8Q such for e fc a fc 

24 extending from a junction 18 of the two arms 26, 28. cQupled tQ ^ ^ waveguide 22 and direct ?Tsource 

With continued reference to FIG. 1 and with additional optical signal 82 having a predetermined wavelength into 

reference to FIG. 2, a resonator 50 is located near an arm 26 50 ^ input waveguide 2 2. The source optical signal 82 splits 

of the interferometer 20 and may be formed as a microcavity a , tfae junction 16 s0 mat a firsl portion of the oplical signal 

ring or disk. An optical cavity can be said to be an ideal %2 a (approximately one-half determined in terms of the 

microcavity when the cavity length L c is so small as to give powef level of the optical signaI 82) propagates in arm 26 

a large Af c value so that Beta(Freq) approaches unity (i.e. and a portion g 2b prop a g ates in arm 28. The second 

when Af c is almost as large as Af, so that (BetaFreo>1.0). 55 portion S2b emerges from the arm 28 and into the output 

In practice, an optical cavity can be said to be a microcavity wave guide 24 with the same phase as the source optical 

if it's (BetaFreq) is larger than approximately 0.03. It can be signal 82 

said to be a good microcavity if Beta(Freq) is larger than 0.1. ^ fifSt portk)n $2a is partially coupled from the arm 26 

The resonator 50 is preferably operatively coupled to the to tne re sonator 50 via resonant waveguide coupling. The 

arm 26 across a gap 52 generally defined by the equation: 60 resonator introduces a predetermined phase-shift in the 

optical signal, and the phase-shifted optical signal 82c is 

(l) coupled back to the arm 26 via resonant waveguide cou- 

"V"^ ~ n \ap pling. When the phase-shifted signal 82c and the non -phase - 

shifted signal 82^ combine at the junction 18 of the arms 26, 
65 28, the phase-shifted signal 82c will introduce amplitude 

where is the longest operating wavelength of light in modulations into the non-phase-shifted signal 82b so mat the 

Xm in the resonator 50, n rej is the effective propagating signal propagating in the output waveguide 24 is an ampli- 
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tude modulated signal S2d. The amplitude modulation is The output of an ideal Mach-Zehnder interferometer 20 
caused by the relative phase-shift between signals 82b and having a ring resonator 50 located near one arm 26 is given 
82c and further due to the fact that, when combined, those by equation (7) and depicted graphically in FIG. 5. From 
signals will interfere both constructively and destructively. equation (7) it is apparent that the interferometer 20 output 
The drive voltage represents information content (e.g., s changes from 0 to 1 for a change in phase of approximately 
text, graphs, video, etc.) derived from various art-recognized jc. 
and generally known electronic devices, circuits, and the 

like. Variations in the amplitude of the drive voltage cause '.-W 1 - 1 **" <t>) U) 

different phase-shifts to to imparted on the optical signal. ^ n , invention ta used for both anal and 
The different phase-shifts in turn, cause amplitude modu- 10 d; ita , ^ C3liioas For anal app i ications such ^ for 
lation of the non-phase-shifted optical signal 826 when that exampl6i ^blt television, small signal or partial modulation 
signal and the phase-shifted optical signal 82c recombine. fc fonned in which output of the interferometer 20 
Ideally, a nng resonator 50 coupled to a substantially does not switch ^p^y between an on and an off state . 
straight waveguide, i.e., an arm 26 of the Mach-Zehnder For di iul applications laige signal or complete modu i at i on 
interferometer 20, acts as an all-pass Alter having a reflection 15 ^ performed in which the output of the interferometer 20 
coefficient of (for a single input, single output resonator 50) swjtches be(ween discrete and discernib , e on and off sta|es . 
given by, description and equations provided above (see, e.g., 

equations (3), (4), (5) and (6)) are directed to an ideal or 
nearly ideal (i.e., lossless) resonator 50. However, when loss 
is present in the resonator 50, the reflection coefficient 
(previously defined herein by Eq. (3)) is defined by: 



(3) 



Where, 



r-Ae-* 6 (8) 



2x io <o ( 4 ) ?< 1 ~ rAe ~* 

6= —n e L = n e -L=2ji- 25 

A c 

where A represents amplitude and is defined by exp(-aL/2), 

and, where r is the mirror reflectivity of the resonator 50 and where a ^ the P ower loss coefficient and depends on the 

(i.e., waveguide), L is the round-trip optical path length material from which the resonator 50 (i.e., waveguide) is 

experienced by an optical signal propagating in the resonator 30 constructed. Equation (8) thus represents a resonator 50 that 

50 and is defined as 2jtR»mX where R is the radius of the is no longer an all-pass filter but rather, that is tuned to a 

resonator and m is a positive integer. In equation (5), n e is particular frequency (wavelength). The amplitude part of 

the effective refractive index of the resonator 50, X is the equation (8) is now given by: 
optical wavelength of the optical signal propagating in the 

resonator 50, and Af FSR =c/(nJL) defines the change in the 35 |r H 2 - ^ + a2 ~ 2rAcosS (9) 

free spectral range of the optical signal 82. The mirror ni " i +r 2 A 2 -2rAcos£S 
reflectivity r determined the number of times an optical 

signal travels, round-trip, through the resonator 50 and is and fc depicte(J graphically in FIG 6 for different comb^. 

related to the power coupling factor (C) between the reso- yalues of f and A oyer the free fange u can 

nator 50 and the arm 26 of the interferometer 20 and is b f FIG. 6 that amplitude A decreases about the 
defined by: 

resonant frequency (or wavelength) which implies that there 
is amplitude modulation associated with the phase modula- 

t^yfjzc (5) tion. The amplitude drop at resonance is also due, at least in 

45 part, to the fact that an optical signal will complete more 

Equation (3), which defines the reflection coefficient of a round-trip loops in the resonator 50 before coupling out of 

single input, single output resonator 50, has both amplitude me res0 nator 50 and into the arm 26. Since loss in the 

and phase components. In an ideal resonator 50 (i.e., a resonator 50 is maximized at resonance, the effect of loss is 

lossless resonator 50), the amplitude component of equation detrimental on the performance of the resonator 50 and 

(3) is approximately equal to 1 for all frequencies (i.e., an 5Q mo dulator 10 constructed in accordance with the present 

ideal resonator 50 operates as an all -pass filter). However, invention. 

the phase component is dependent upon 6 which may be any jh e change in amplitude can be taken into account in 

of the frequency, refractive index of the resonator 50, or considering the Mach-Zehnder output. Thus Instead of Eq. 

optical path length L, and is given by: (7^ tne output of the interferometer 20 can be expressed as: 

,( surf 1 J nw5 \ (6) 55 I 0 =UV4[l + |r u (6)P + 2ri n (6)|a)s((K6))] (10) 
#S) = tan~M _ co ^ I -tan M -j— 

r ~ The interferometer 20 output is depicted in FIG. 8 for 

different values of A. 

The phase 4» defined by equation (6) is graphically Phase, on the other hand, is not sensitive to loss, as 

depicted in FIG. 4 as a function of f/&f FS R, or 6/2?t for 60 depicted graphically in FIG. 7, where the phase-shifts for 

different values of reflectivity r of the resonator 50. From different combinational values of r and A are nearly indis- 

FIG. 4 it is apparent that the phase changes from jc to -x tinguishable. 

across a small part of the free spectral range, and that the The advantages of the present invention may be more 

phase change is substantially linear about the central part of apparent by comparison of GaAs-based and InP-based 

the free spectral range. Greater or lesser linearity in changes 65 modulators. For a GaAs modulator 10 having a resonator 50 

in phase in an optical signal can be achieved by designing with a coupling factor of approximately 8%, r will be 

the resonator 50 to have a specific reflectivity r. approximately equal to 0.96. For an interferometer arm 
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length approximately equal to 100 /mi, and an optical signal 

wavelength X approximately equal to 1.55 /mi, a change in ^ _£_!_!£ < 13) 

6 of approximately 0.014x2?t is required to effect a phase- ~ ™* L 
shift of approximately Jt in the optical signal 82. 

Consequently, the required change in n r (i.e., An,, the 5 ^ which {{ ^ be ^ ^ ^ bandwidth ( - e ^ opera . 

effective refractive index of the resonator 50) is approxi- tional of the resonator 50 is inversely proportional to 

mately equal to 0.014X/L~2.2xlO . Such a small shift can me optical patn lcagth L Bandwidths are plotted in FIG. 10 

be easily achieved at very low voltage. For example, utiliz- f or var ious combinations of r and L. For a bandwidth 

ing the linear electro-optic effect available with GaAs semi- ^ approximately equal to 40 GHz, an optical path length L of 

conductor material: An e -(n 3 /2)r 4l rE, where r 41 =1.5xl0~ 10 about 30 fan will maintain a reflectivity r of approximately 

cm/V is typical for GaAs material at 1.55 fim wavelength, 0.96. This implies that will be about three times larger 

E=V/d, d=0.5 fim is the thickness of the intrinsic region in than the case where the optical path length is approximately 

a P-I-N diode waveguide structure, and n=3, T=0.8 is the equal to 100 fan. 

optical confinement factor. For such a device construction, a 1S Both the drive voltage (Eq, (2)) and the bandwidth 

drive voltage, derived as dn^/dV=3.24xlO" 5 , and V 3r =2dAn e / (Eq. 13)) depend on r and L. Consequently, the smaller the 

(n 3 r 4j r)~6.7, VAC, is required. drive voltage V rt , the smaller the bandwidth. A useful 

u„ ,:™-fi„ n „»i„ - K „ *u„ mn specification parameter for a resonator 50 constructed in 

This can be significantly improved by utilizing the qua- r *\ . . . . . , , . - , 

, . . . xr * -i t.1 j n l. J • accordance with the present invention is thus the bandwidth 

dratic electro-optic effect available with InP-based semicon- . v u . . . . . 

• , , j - . ■ i . , . „ rt per unit dnve voltage, which is given by: 

ductor material by designing the material wavelength to be 20 r & ° J 

nearer to 1.55 fim. In this case, V„ would be approximately ^ c dn ^ 

0.5 VAC. The same performance can be obtained for X=1.3 — = 

fim. By further optimizing the design of the resonator to give 

r=0.99, An, can be reduced to approximately 0.004X/L=4.6x 

10" s , about 5 times smaller than required for the case where 25 For a given wavelength and waveguide structure, the speci- 

r-0.96. It is thus possible to achieve a V n of about 0.1 VAC fication parameter is only proportional to dnJdV, which 

when InP-based semiconductor material is used. represent the magnitude of the electro-optic effect. For the 

Another embodiment of the present invention is depicted IiDca [ electro-optic effect at a wavelength approximately 

in FIG. 3. Like numbers are used to indicate like structures „ ^ ^ ^ * * TT\ T ^ . w ™/ tely 

and the primary difference of the optical modulator 100 is 30 0 665 GUzJVoh. For the quadratic : electro-optic effect, An e is 

that a respective resonator 50 is provided near each arm 26, ^Proximately equal to (%)n 3 sE 2 , and the effect can be up 

io r *u • * _* m r u * ♦• i to 100 times larger than the linear electro-optic eiiect. 

28 of the interferometer 20, Each resonator is operatively , , & f . _ . . f it 

, , . - t „ ~ £ * Q M u.,,',,1 depending on the energy detuning. The variable s m the 

coupled to its respective arm 26, 28 across a gap 52 having ^ .. 6 . : r . ^ 

j ■ . A r. j u /1N , !l preceding equation for An, can range from about 6x10 

a dimension defined by equation (1), above. A respective « l -i/wia 2n,2 TT • c 

voltage source 70 is connected to each resonator 50. An AC 35 cm ^ 2x10 cm ^ However since the figure 

drive voltage of approximately equal amplitude, but oppo- of m , ent A ^ *™ 1 » constant, a more effective fipirc of 

site polarity, is applied to the resonator^ 50 to introduce raent ma y bc Af/V > which 15 Proportional to the bandwidth 

opposite phase-shifts in the optical signal propagating pe L^ mt 0 "X? p .° W 4 C f" 1L - v D „ 
*if u . *u i i . . * The -3 dB electrical bandwidth limited by the RC con- 
through the two arms thereby doubling the amount of . n " .f. * en- • u »r iz r»o u n cn 
u u .f* ui *u • j ■ i* 40 slant of the resonator 50 is given by Af=VijcRC, where R=50 
phase-shift possible with a given drive voltage. , , _ . , ° J . , j : , , _ 
r ohms, and C is the electrode capacitance, denned by C=e 5 
Fora hnear electio-opUc effect, and usin S to symmetry (wL/d)> whwe fa (he permittivity; w ^ the wave guide 
of rli Crj^fiJ-r^-S)). the output of the interferometer 20 in widthj and d t ^ intrinsic layer thickness . ^ parasit i c 
FIG. 3 is given by. capacitance can be neglected. For w, d and L in /im, and 



W*.i4|rii(6)F(l+co*(2«K6))) (11) 



e c =12e 0 , then: 

Af-30,0OOd/(wL)GHz (15) 

This is depicted graphically in FIG. 9, where it can be for L-100 /an, w=0.5 and d-0.5 ^m, the RC-limited 

seen that the change in output occurs over a much smaller bandwidth is thus approximately equal to 300 GHz. By 

range of 6 compared to the single-resonator configuration of 50 comparison, conventional waveguide electroabsorption 

FIG. 1. modulators are between approximately 200-500 microns 

The operational speed (i.e., throughput) of the resonator long, and have widths of between approximately 2-3 ^m, 

50 is limited by the amount of time that the optical signal and have typical RC-limited bandwidths of between 

remains in the resonator 50. That time is given by: approximately 10-40 GHz, 

55 Referring next to FIG. 2, a resonator 50 and one arm 26 
_d<j> _d<t>d6 f 1 -reos<5 \L (12) of an interferometer 20 are depicted in cross-section. Both 
T = 1u> ~ 16 dZ " "1(1 -2rcosi5 1 )j7 /If the resonator 50 and interferometer 20 are preferably iden- 
tically constructed, and may comprise either a photonic-well 
or a photonic-wire waveguide device. Exemplary photonic- 
Hie bandwidth of the resonator 50 is then given by 60 ^ an( j photonic-well devices are respectively disclosed in 
Af=l/(2jrt). U.S. Pat. Nos. 5,878,070 and 5,790,583, and an exemplary 
A maximum time delay of an optical signal in the reso- resonator is disclosed in U.S. Pat. No. 5,926,496, the entire 
nator 50 occurs when cos 6=1, and is given by z m ^zj{l-x), disclosure of each of those patents being incorporated herein 
where x^-n^L/C. Since the time delay, x, is a function of the by reference. Since the resonator 50 and interferometer 20 
optical length of the resonator, which is a function of 65 are nearly identically constructed, the following description 
voltage, the average x during a modulation cycle is %J2, The is directed to the resonator 50, it being understood that such 
bandwidth of the resonator 50 is then given by: description applies equally to the interferometer 20. In 
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addition, the resonator 50 and/or interferometer 20 may also 
each be referred to herein as a waveguide. 

With continued reference to FIG. 2, the resonator 50 is 
formed of semiconductor materials for on-chip integration 
with other semiconductor devices such as a semiconductor 5 
laser. A wafer epitaxial growth process is used to form the 
various semiconductor layers of the resonator 50 on a 
substrate 30. As shown in the embodiment of FIG. 2, a first 
cladding layer 32 of InP is formed on a substrate 30 of InP. 
A core 34 of InGaAsP is formed on the first cladding layer 10 
32 and a second cladding layer 36 of InP is formed on the 
core 34. The lower cladding layer 32 is suitably doped to 
form n-type semiconductor material, and the upper cladding 
layer 36 is suitably doped to form p-type semiconductor 
material, thus forming a P-I-N structure of stacked, layered 15 
semiconductor materials. 

The substrate 30 in this embodiment has a refractive index 
approximately equal to 3.2. The respective refractive indices 
of the core 34 and first and second cladding layers 32, 36 are 
discussed in more detail below. In the embodiment depicted 20 
in FIG. 2, the first cladding layer has a thickness of approxi- 
mately 1.5 ^m, the core 34 has a thickness of approximately 
0.65 fim, and the second cladding layer 36 has a thickness of 
approximately 0.85 fan. 

With continued reference to FIG. 2, for a photonic-well 25 
waveguide resonator 50, the core 34 is a relatively high 
refractive index semiconductor material having a refractive 
index n core greater than about 2.5, such as from about 3 to 
about 3.5 and above, for InGaAsP, AlGaAs, InGaN/AlGaN 
materials. Typical low refractive index mediums 54 30 
described below for use in practicing the present invention 
have refractive index n loyv below about 2.0, preferably below 
1.6, such as from about 1.5 to about 1.0. The ratio of the 
refractive indices n con Jn low is preferably larger than about 
1,3. The relatively low refractive index medium 54 includes 35 
air (refractive index of 1) and serves to spatially confine 
photons tightly in directions perpendicular to their circum- 
ferential propagation direction in the waveguide core 34. 
Other low refractive index mediums 54 that may be used 
include acrylic, epoxy, silicon dioxide (Si0 2 ), aluminum 40 
oxide, silicon nitride, spin-on glass, polymers with low 
absorption at the emission wavelength, photoresist, poly- 
methyl metacrorate, and polyimide. For a photonic-wire 
resonator (described in more detail below), the core 34 is 
sandwiched between the lower and upper cladding layers 32, 45 
36 which may comprise a relatively low refractive index 
material, as described above. 

In a photonic-well resonator 50, the lower and upper 
cladding layers 32, 36 disposed below and on top of the 
waveguide core 34 have a relatively high refractive index as 50 
compared to the low refractive index medium 54 and thus 
weakly confine photons in the resonator. The cladding layers 
32, 36 may have a refractive index of about 3.1 as compared 
to the refractive index of 1 for air medium 54 or of 1.5 for 
silica medium 54. The refractive index of cladding layers 32, 55 
36 is slightly less than the refractive index of core 34, which 
is about 3.4. 

In a photonic-wire resonator 50, the lower and upper 
cladding layers 23, 36 disposed below and on top of the 
waveguide core 34 have a relatively low refractive index as 60 
compared to the refractive index of the core 34 and thus 
strongly confine photons in the resonator. 

In practicing embodiments of the invention, a photonic- 
well resonator 50 can comprise semiconductor materials 
In^Ga^ ASyP^y/lnJU^^yG&yAs as the n cont and 65 
materials and an aforementioned material with a refractive 
index of about 1.6 or lower as the n /oVi , material. Alternately, 



the photonic- well resonator 50 may comprise semiconductor 
materials In^Ga^^/Al^Ga^^ as the u core and n^ mate- 
rials and a material with a refractive index of about 1.6 or 
lower as the n low material. Still further, the photonic-well 
resonator 50 may comprise semiconductor materials 
Al ar Ga 1 _ ;< As or Io^Ga-^.^ as the x\ core and n Aj ■ h materials and 
a material with a refractive index of about 1.6 or lower as the 
n law material. 

By constructing an interferometer 10, 100 as described 
above, including a resonator operatively coupled to one arm, 
the optical length of that arm may be increased so as to 
introduce a phase-shift in an optical signal propagating in 
that arm when compared to an optical signal propagating in 
the other arm of the interferometer. The inventive modulator 
also exhibits the quadratic electro-optic effect which can 
cause a change in the refractive index of the resonator 
proportional to the square of the electric field (i.e., voltage) 
applied to the resonator. Thus, larger changes in refractive 
index are possible with smaller voltages. As a result, both the 
physical length of the modulator and the voltage necessary 
to effect a n phase-shift in an optical signal are significantly 
reduced. 

In accordance with the present invention, a resonator may 
be provided as par t of a Mach-Zehnder interferom eter to 
construct a highly eMcient optical phase modulator. A"drive 
voltage of less than approximately 0.1 volt may provide a jt 
phase -shift in an optical signal when the quadratic electro - 
optic effect is present; which is generally true for InP-based 
photonic-well or photonic-wire material structures. Such a 
low drive voltage may also be achieved by designing the 
coupling factor between the resonator and the Mach Zehnder 
interferometer (i.e., waveguide) to be very weak, e.g. less 
than approximately 2%. If the linear electro-optic effect is 
present, which is typically the case for GaAs-based 
materials, a low drive voltage of approximately 1 volt may 
provide the desired ji phase-shift by using a push-pull 
configuration which provides a resonator near each arm of 
the Mach-Zehnder interferometer. 

Thus, while there have been shown and described and 
pointed out fundamental novel features of the invention as 
applied to preferred embodiments thereof, it will be under- 
stood that various omissions and substitutions and changes 
in the form and details of the disclosed invention may be 
made by those skilled in the art without departing from the 
spirit of the invention. It is the intention, therefore, to be 
limited only as indicated by the scope of the claims 
appended hereto. 

It will thus be seen that the objects set forth above, among 
those made apparent from the preceding description, are 
efficiently attained and, since certain changes may be made 
in the above construction without departing from the spirit 
and scope of the invention, it is intended that all matter 
contained in the above description and shown in the accom- 
panying drawings shall be interpreted as illustrative and not 
in a limiting sense. 

It is also to be understood that the following claims are 
intended to cover all of the generic and specific features of 
the invention herein described and all statements of the 
scope of the invention which, as a matter of language, might 
be said to fall therebetween. 

What is claimed is: 

1. Alow drive voltage optical modulator comprising: 
a Mach-Zehnder interferometer having an input 
waveguide, first and second arms connected to said 
input waveguide splitting an input optical signal having 
a predetermined wavelength into a first portion and a 
second portion, and an output waveguide connected to 
said first and second arms; 
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a resonator having a refractive index and being opera- 
tive ly coupled to one of said first and said second arms 
across a gap; and 

a voltage source connected to said resonator for providing 
a drive voltage thereto, wherein changes in amplitude 5 
of the drive voltage cause said resonator refractive 
index to change; 

said changes in said resonator refractive index causing a 
phase-shift in the first portion of the optical signal 
propagating in said first arm relative to the second 
portion of the optical signal propagating in said second 
arm. 

2. The optical modulator of claim 1, wherein said Mach- 
Zehnder interferometer and said resonator each comprise a 
relatively high refractive index photonic wire semiconductor 
waveguide having a core surrounded in all directions trans- 
verse to a photon propagation direction in said interferom- 
eter and said resonator by a relatively low refractive index 
medium and materials. 

3. The optical modulator of claim 1, wherein said Mach- 
Zehnder interferometer and said resonator each comprise a 20 
relatively high refractive index photonic well semiconductor 
waveguide having a core surrounded on opposite sides in a 
direction transverse to photon propagation direction in said 
interferometer and said resonator by a relatively low refrac- 
tive index medium and materials. 25 

4. The optical modulator of claim 1, wherein said reso- 
nator is formed as a semiconductor microcavity ring. 

5. The optical modulator of claim 1, wherein said reso- 
nator is formed as a semiconductor microcavity disk. 

6. The optical modulator as recited by claim 1, wherein 30 
said first and said second arms are approximately the same 
length, said length being at least approximately equal to or 
greater than the diameter of said resonator. 

7. The optical modulator as recited by claim 1, wherein 
said resonator causes a phase -shift in the first portion of the 35 
optical signal of between approximately 0° and Jt°. 

8. The optical modulator of claim 2, wherein said core of 
each of said Mach-Zehnder interferometer and said resona- 
tor has a refractive index n core of between approximately 2.5 
and 3.5. 40 

9. The optical modulator of claim 8, wherein said core of 
each of said Mach-Zehnder interferometer and said resona- 
tor is made from InGaAsP, AlGaAs, or InGaN materials. 

10. The optical modulator of claim 8, wherein said 
relatively low refractive index medium has a refractive 45 
index n Iow below approximately 2.0. 

11. The optical modulator of claim 10, wherein said 
relatively low refractive index medium comprises air, 
acrylic, epoxy, silicon dioxide, aluminum oxide, silicon 
nitride, spin-on glass, low absorption polymers, photoresist, 50 
poly-methyl metacrorate, or polyimide. 

12. The optical modulator of claim 10, wherein the ratio 
of refractive indices n cor Jn Iow is greater than approximately 
2.0. 

13. The optical modulator of claim 3, wherein said core of 55 
each of said Mach-Zehnder interferometer and said resona- 
tor has a refractive index n core of between approximately 2.5 
and 3.5. 

14. The optical modulator of claim 13, wherein said core 

of each of said Mach-Zelinder interferometer and said 60 
resonator is made from InGaAsP, AlGaAs, or InGaN/AlGaN 
materials. 

15. The optical modulator of claim 1, wherein said 
relatively low refractive index medium has a refractive 
index n low below approximately 2.0. 65 

16. The optical modulator of claim 1, wherein said 
relatively low refractive index medium comprises air, 
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acrylic, epoxy, silicon dioxide, aluminum oxide, silicon 
nitride, spin -on glass, low absorption polymers, photoresist, 
poly-methyl metacrorate, or polyimide. 

17. The optical modulator of claim 1, wherein the ratio of 
refractive indices n core (n Iaw is greater than approximately 
2.0. 

18. The optical modulator of claim 1, wherein the drive 
voltage has a maximum amplitude of less than approxi- 
mately 5 VAC. 

19. The optical modulator of claim 1, further comprising: 
a second resonator having a second refractive index and 

being operatively coupled to said other one of said first 
and second arms across a second gap; and 

a second voltage source connected to said second reso- 
nator for providing a second drive voltage thereto 
having a polarity opposite of the drive voltage provided 
to said resonator, wherein changes in amplitude of the 
second drive voltage cause said second resonator 
refractive index to change; 

said changes in said second resonator refractive index 
causing a phase -shift in the second portion of the 
optical signal propagating in said second arm that is 
approximately equal to the phase-shift in the first 
portion of the optical signal caused by said resonator 
coupled to said first arm. 

20. A low drive voltage optical modulator comprising: 

a Mach-Zehnder interferometer having an input 
waveguide, first and second arms connected to said 
input waveguide splitting an input optical signal having 
a predetermined wavelength into a first portion and a 
second portion, and an output waveguide connected to 
said first and second arms; 

first and second resonators each having a refractive index 
and each being operatively coupled to a respective one 
of said first and said second arms across a respective 
gap; and 

a voltage source connected to each of said first and said 
second resonators for providing a respective drive 
voltage of opposite polarity thereto, wherein changes in 
amplitude of the respective drive voltage cause said 
respective refractive index of said first and said second 
resonators to change; 

said changes in said first resonator refractive index caus- 
ing a first phase-shift in the first portion of the optical 
signal propagating in said first arm and said changes in 
said second resonator refractive index causing a second 
phase-shift in the second portion of the optical signal 
propagating in said second arm. 

21. The optical modulator of claim 20, wherein said 
Mach-Zehnder interferometer and said first and said second 
resonators each comprise a relatively high refractive index 
photonic wire semiconductor waveguide having a core sur- 
rounded in all directions transverse to a photon propagation 
direction in said interferometer and said resonators by a 
relatively low refractive index medium and materials. 

22. The optical modulator of claim 20, wherein said 
Mach-Zehnder interferometer and said first and said second 
resonators each comprise a relatively high refractive index 
photonic well semiconductor waveguide having a core sur- 
rounded on opposite sides in a direction transverse to photon 
propagation direction in said interferometer and said reso- 
nators by a relatively low refractive index medium and 
materials. 

23. The optical modulator of claim 20, wherein said first 
phase-shift and said second phase-shift are approximately 
equal to each other. 
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24. The optical modulator of claim 23, wherein said first a second resonator having a refractive index; and 
phase-shift and said second phase-shift are between approxi- a voltage source connected to said second resonator for 
mately 0° and Jt°. providing a drive voltage thereto, wherein changes in 

25. A low drive voltage optical resonator comprising: amplitude of said second resonator drive voltage cause 
a Mach-Zehnder interferometer having an input 5 said second resonator refractive index to change, said 

waveguide, first and second arms connected to said chan S es 1D said second resonator refractive index caus- 

input waveguide splitting an input optical signal having a f econd , Phase^hift in the second portion of the 

a predetermined wavelength into a first portion and a °P«J cal S1 8 na P">pagating in said second arm. 

second portion, and an output waveguide connected to »■ ™ e °P tlcal modulator of claim 25, wherein said 

said first and second arms; and « Mach-Zehnder interferometer and sa.d phase-shifter each 

, .„ „ . , „ . comprise a relatively high refractive index photonic wire 

a phase-shifter for causing a predetermined phase shift m semiconductor wave guide having a core surrounded in all 

the first portion of the optical signal propagating in said directions transverse to photon propagation direction in said 

first arm and being operatively coupled thereto across interferometer md said pha se-shifter by a relatively low 

* |? p * . , , . * , • « L . i5 refractive index medium and materials. 

26. The optical modulator of claim 25, wherein said 3Q Qptical modulator of claim 25j wherein said 

phase-shifter comprises: Mach-Zehnder interferometer and said phase-shifter each 

a first resonator having a refractive index; and comprise a relatively high refractive index photonic well 

a voltage source connected to said first resonator for semiconductor waveguide having a core surrounded on 

providing a drive voltage thereto, wherein changes in 2 o opposite sides in a direction transverse to photon propaga- 

amplitude of said first resonator drive voltage cause tion direction in said interferometer and said phase-shifter 

said first resonator refractive index to change, said by a relatively low refractive index medium and materials, 

changes in said first resonator refractive index causing 31. The optical modulator of claim 26, wherein the 

a first phase-shift in the first portion of the optical signal predetermined phase shift is between approximately 0° and 

propagating in said first arm. 25 n ° anc * wherein said drive voltage is less than or equal to 

27. The optical modulator of claim 26, further comprising approximately 5 VAC. 

a second phase-shifter for causing a predetermined phase 32. The optical modulator of claim 27, wherein the 

shift in the second portion of the optical signal propagating predetermined phase shift caused by each said phase-shifter 

in said second arm and being operatively coupled thereto is between approximately 0° and ji° and wherein each said 

across a gap. 30 drive voltage is less than or equal to approximately 5 VAC. 

28. The optical modulator of claim 27, wherein said 

second phase -shifter comprises: * * * * * 
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ABSTRACT 



An integrated optical transmitter for use in an optical system 
has an optical head assembly with an optical beam generator 
for providing an optical beam and a lens assembly collecting 
the optical beam and generating therefrom a formed optical 
beam. Interface optics receives the formed optical beam and 
provides optical coupling so as to minimize insertion loss to 
the optical beam . Also included is an optical modulator for 
receiving the optical beam from the interface optics and for 
providing a modulated optical beam in response to received 
modulation signals. Hie optical modulator is coupled to the 
interface optics to be in a fixed relationship therewith. 

24 Claims, 10 Drawing Sheets 
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INTEGRATED WAVELENGTH-SELECT 
TRANSMITTER 

FIELD OF THE INVENTION 

5 

This invention relates to optical transmitters, and more 
particularly to an optical transmitter that integrates a laser 
head, optical modulator, and possibly a wavelength 
reference, within a common package to reduce insertion 
loss, provide greater output power over a greater dynamic 1Q 
range, and reduce overall system cost. 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

Some of the matter contained herein is disclosed and 15 
claimed in the commonly owned U.S. patent application Ser. 
No. 08/885,428, now U.S. Pat No. 5,982,964 entitled "Pro- 
cess For Fabrication And Independent Tuning Of Multiple 
Integrated Optical Directional Couplers On A Single Sub- 
strate"; U.S. patent application Sen No. 08/885,449, now 20 
abandonded entitled "Method and Apparatus For Dynami- 
cally Equalizing Gain In An Optical Network"; U.S. patent 
application Ser. No. 08/885,427, now U.S Pat. No. 5,915, 
052 entitled "Loop Status Monitor For Determining The 
Amplitude Of Component Signals OF A Multi-Wavelength 25 
Optical Beam" and U.S. patent application Ser. No. 08/884, 
747, now U.S. Pat. No. 6,151,157 entitled "Dynamic Optical 
Amplifier" all of which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 30 

The low loss, light weight, small size, flexibility, and high 
intrinsic bandwidth of optical fiber make it a highly desir- 
able medium for digital and analog signal transport. An 
optical transmitter generates a modulated optical signal 35 
which propagates through the optical fiber to a receiver end, 
wherein the optical beam is converted to an electrical signal. 
The optical beam may be modulated externally by an 
electrical signal representative of the information to be 
passed through the optical fiber. 4Q 

Commercially available optical transmitters are made up 
of a plurality of discrete components interconnected by 
polarization-maintaining (PM) optical fiber. These compo- 
nents include a laser, an external optical modulator and 
control circuit modules. The packaging of a complete fiber- 45 
optic transmitter including these discrete components is 
relatively bulky and complicated. For example, currently 
available fiber optic transmitters produced for cable televi- 
sion (CATV) applications occupy a 19-inch rack drawer 
chassis, 3 inches or more high, housing power supplies, 50 
control circuits, laser, modulator, and amplifiers. 

The potential military applications of RF and microwave 
fiber-optic transmitters are numerous. Possibly the largest 
military application is in the area of remotely mounted 
microwave antenna systems, such as phased-array antenna 55 
system designs, airborne radar warning-receiver direction- 
finding antenna systems, bi-static radar antenna systems, and 
many shipboard antenna systems. Practically any antenna 
system in which an RF or microwave signal is received or 
transmitted could benefit from direct microwave transport of 60 
the signal using fiber-optics between the antenna and the 
receiver/transmitter location. In most microwave antenna 
systems, a downconvertor/upconvertor system must be 
located in close proximity to the antenna aperture, due to the 
inefficiencies of metallic cables for transmission of 65 
microwave-frequency signals, The frequency converter 
electronics are therefore required to operate in the typically 
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harsh environment of the antenna, which increases the size 
and cost of the front end packaging, and may limit the 
system desianer's flexibility in antenna placement on the 
platform. Also, the downconvertor typically requires that a 
local-oscillator reference signal be distributed to the front 
end area. 

If a miniature external modulator transmitter module was 
available that could provide an essentially "transparent" 
microwave transport path over optical fiber, the frequency 
converter electronics could then be removed from the front 
end area, adjacent the antenna. This would not only reduce 
the size and complexity of the front end packaging, it would 
also improve overall system reliability, since fewer compo- 
nents would be located in the typically harsh front end 
environment. System performance also may actually be 
enhanced, since the frequency converter electronics typi- 
cally limit the dynamic range of the downlink for most 
microwave systems. If the packaging and environmental 
constraints are relaxed on the downconvertor, enhanced 
dynamic range is more achievable. 

An important application of the invention is telecommu- 
nications in which digital signals containing large volumes 
of voice, video, and data traffic are transmitted over optical 
fibers. At the higher data rates, the transmitter typically 
consists of a Distributed Feedback (DFB) laser and a modu- 
lator. Systems employing Dense Wavelength Division Mul- 
tiplexing (DWDM) also typically contain a fiber coupler to 
tap off power and a wavelength reference, which is used in 
a feedback loop to stabilize the laser wavelength. The latter 
function is critical for DWDM where the optical signals 
from many transmitter are carried by a single optical fiber, 
yet can be separated from one another at the receive end 
because of the distinct wavelength used for each optical 
channel. 

Currently, the optical transmitter's components are 
assembled from separate packages, namely a standard DFB 
laser diode package and modulator package, with possibly 
an optical tap coupler and wavelength reference in two other 
packages, that are all coupled to each other with optical fiber. 
Significant coupling losses are incurred at the laser-fiber and 
modulator-fiber interfaces, because lasers and modulators 
support elliptic modes while fiber medium supports a cir- 
cular mode. Moreover, fiber pigtails on the laser and modu- 
lator input have to be realized in polarization maintaining 
fiber, which adds cost to the packaging because it has to be 
precisely rotated. Elimination of the optical fiber intercon- 
nects between the components not only reduces optical 
losses but reduces transmitter cost associated with splicing 
and storing the fiber within the transmitter. 

Other commercially-available optical transmitters include 
a laser assembly fixedly coupled to an optical modulator 
which are then rigidly mounted to a support bed. The 
purpose of fixedly coupling of the optical components is to 
insure precise alignment to thereby reduce the power loss 
resulting from misaligned optics. Alignment of the optical 
components of these transmitters is difficult and time- 
consuming which thereby, increase the costs of manufac- 
turing. 

In addition, these optical transmitters are sensitive to 
thermal changes as a result of the different coefficients of 
thermal expansion for the optical components. As the ambi- 
ent temperature of the transmitter increases or decreases the 
varying amounts of thermal expansion of the components 
stresses the components, possibly altering their optical char- 
acteristics. The different coefficients of thermal expansion 
also may alter the alignment of the optical components and 
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thereby negatively affect the optical beam emitted from the 
laser assembly. This is especially critical because the optical 
beam emitted from a laser diode is directly focused to the 
modulator. Any shift of the optical components greatly 
reduces the output power of the transmitter as a result of the 
misalignment of the components. Some prior art devices 
such as those marketed by the G.E.C. Marconi company are 
comprised of discrete components and include a thermo- 
cooler to help maintain temperature stability. However, 
these devices are not free from the aforementioned prob- 
lems. 

Furthermore the optical components are not replaceable 
or interchangeable because the components are mounted 
rigidly to each other and the support bed. If a component has 
failed or the wavelength of the optical beam wishes to be 
changed, the component cannot be easily removed or 
replaced without damage to the transmitter. 

Accordingly, it is a principal object of this invention to 
provide an integrated optical transmitter that reduces inser- 
tion loss, provides greater output power over a greater 
dynamic range, and reduces cost related to assembly and 
interconnection of optical components. 

It is another object of this invention to provide an inte- 
grated optical transmitter included within a single unit or 
housing. 

It is a further object of this invention to provide a 
pre -aligned optical sub-assembly, which can be compliantly 
mounted to an optical bed, and which also has a surface to 
which a modulator can be fixedly secured. 

It is a further object of this invention to provide an 
integrated optical transmitter that reduces misalignment due 
to varying coefficients of thermal expansion of the optical 
components. 

It is yet another object of this invention to provide an 
integrated optical transmitter of the foregoing type having 
integrated wavelength control. 

It is yet another function of this invention to provide an 
integrated optical transmitter wherein the optical compo- 
nents are interchangeable. 

SUMMARY OF THE INVENTION 

According to a preferred embodiment of the present 
invention, an integrated optical transmitter for use in an 
optical system includes an optical head assembly having an 
optical beam generator for providing an optical beam and a 
lens assembly collecting the optical beam and generating 
therefrom a formed optical beam. Also included is an optical 
modulator for receiving the formed optical beam for pro- 
viding a modulated optical beam in response to received 
modulation signals. Interface optics are provided to receive 
the formed optical beam and to present the formed optical 
beam to the optical modulator. The interface optics provide 
optical coupling with the optical modulator to minimize 
insertion loss to the formed optical beam and to maintain a 
fixed optical relationship therewith 

According to another aspect of the present invention, a 
method of fabricating an integrated optical transmitter 
includes the steps of: 

(a) aligning optically a laser diode and an aspheric lens; 

(b) securing the laser diode and the aspheric lens to a 
mounting element to define a laser head assembly; 

(c) securing fixedly a focusing lens to the laser head 
assembly in optical alignment with the laser diode and 
aspheric lens; 

(d) compliantly securing the laser head subassembly to an 
optical bed. 
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(e) securing fixedly an optical modulator to the focusing 

lens in optical alignment with the focusing lens. 
According to yet another aspect of the present invention, 
a method of fabricating an integrated optical transmitter of 
5 the foregoing type also includes the step of controlling 
wavelength select control by means of a wavelength filter, 
such as a Fabry- Perot etalon, fiber Bragg grating, Michelson 
interferometer, or etalon with multi-layer dielectric films, 
which samples the light in the transmitter, and is included 
10 within a housing. 

The above and other objects and advantages of this 
invention will become more readily apparent when the 
following description is read in conjunction with the accom- 
panying drawings. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic block diagram of an integrated 
optical transmitter of the type embodying the present inven- 
tion. 

20 

FIG. 2 is a side elevational view of an integrated optical 
transmitter of FIG. 1. 

FIG. 3 is a diagrammatic illustration of a fabrication 
process for the modulator of FIG. 1. 
25 FIG. 4 is a simplified schematic illustration of an alter- 
native embodiment of the integrated optical transmitter of 
FIG. 2 including a means for stabilizing the wavelength of 
the optical beam. 

FIG. 5 is a plot of the output transmittance of a pair of 
30 filtered detectors. 

FIG. 6 is a side elevational view of a second alternative 
embodiment of an integrated optical transmitter embodying 
the present invention. 
35 FIG. 7 is a expanded side elevational view of a portion of 
the optical transmitter of FIG. 6 wherein a laser head 
assembly is tilted about the X-axis. 

FIG. 8 is a expanded front elevational view of a portion 
of the optical transmitter of FIG. 6 wherein a laser head 
40 assembly is tilted about the Z-axis. 

FIG. 9 is a expanded top plan view of a portion of the 
optical transmitter of FIG. 6 wherein a laser head assembly 
is tilted about the Y-axis. 

FIG. 10 is a side elevational view of a GRIN lens/ 
45 modulator assembly and test jig for aligning the optics of the 
GRIN lens/ modulator assembly of the optical transmitter of 
FIG. 6. 

FIG. 11 is a side elevational view of a laser head assembly 
and test jig for aligning the optics of the laser head assembly 
50 of the optical transmitter of FIG. 6. 

FIG. 12 is functional diagrams of a preferred general 
sequence of steps for fabricating and aligning the GRIN 
lens/modulator assembly of FIG. 6. 
55 FIG. 13 is functional diagrams of a preferred general 
sequence of steps for fabricating and aligning the laser head 
assembly of FIG. 6. 

FIG. 14 is a functional diagram of a preferred general 
sequence of steps for fabricating the integrated optical 
60 transmitter of FIG. 6. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

An integrated optical transmitter provided in accordance 
65 with the present invention is generally characterized by an 
optical head assembly for generating an optical beam and an 
optical modulator which receives the optical beam and 
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provides modulation thereto in response to modulation sig- lens 24 to collimate the beam allows the beam size to be 

nals. These two components are joined by interface optics, optimized for the GRIN lens 14, in spite of limitations 

typically a GRIN lens. The present transmitter is configured imposed by the TO-5.6 can. It should be recognized, 

so that the optical head assembly is maintained in fixed however, that a single aspheric lens 24 may be used to 

optical communication with the optical modulator regard- 5 collimate the optical beam, provided the laser diode 20 

less of the embodiment. As detailed hereinafter, the several generates a beam that, when collimated, can be accepted by 

embodiments maintain this fixed relationship in a variety of the GRIN lens 14. 

ways, including an epoxy bond between the components and Other variations of the preferred embodiment are possible 

a spaced relationship with a collimated beam. jf changes in optical power through the system caused by the 

FIG. 1 illustrates an integrated optical transmitter, gener- 10 thermal expansions are of greater detriment than power loss 

ally designated 10, embodying the present invention for by "de-tuning" the optical train somewhere in order to 

generating a modulated optical beam having a predeter- reduce sensitivity to angular alignment at the expense of 

mined wavelength of light. The optical transmitter 10 is a power loss. For example, by using a GRIN lens slightly 

preferred embodiment and includes a laser head assembly 12 shorter than is normally used for lowest power loss, a larger 

that generates a polarized optical beam of a known wave- 15 than normal optical beam is presented by the GRIN lens to 

length of light. The laser head assembly 12 provides an waveguide 30. Angular misalignment causes the position of 

optical beam via a Graded Index (GRIN) lens 14 which is the beam at the end of the GRIN lens to move along the X 

coupled directly to an optical modulator 16. An external and/or Y axes, however, the beam is more likely to fill the 

signal generator 18 provides a Telecommunications waveguide with light, due to its larger size. Hence, the 

(Telecom) or Cable-Television (CATV) communications 20 misalignment sensitivity is lowered, though, the total power 

signal to the modulator 16 which impresses the signal onto coupled into the waveguide 30 is reduced relative to the case 

the optical beam. when the GRIN lens provides a beam better matched to the 

As shown in FIG. 1, the laser head assembly 12 comprises beam size naturally accepted by waveguide 30. The 
a laser diode 20 for generating an optical beam of a known waveguide can also be modified to accept a larger beam 
light wavelength, and a pair of aspherical optical lenses 2 s from the GRIN lens, resulting in even further reductions in 
22,24 for focusing and collimating the optical beam. The alignment sensitivity. However, some penalty in power loss 
first aspheric lens 22 collects and focuses the light, creating is likely when using the shortened GRIN lens due to 
a magnified image of the source at its back focal plane. The aberrations in the optical properties of the beam which is 
second aspheric lens 24 collimates the light, i.e., converts presented to waveguide 30, These methods of reducing 
diverging light rays to parallel. An optical isolator 26 is 30 sensitivity to misalignment can be applied to the previous 
disposed between the two lenses 22,24 to prevent any light embodiments, as well. They can be used to reduce the 
reflected at some point further down the optical link from sensitivity to X, Y or Z misalignment of the GRIN lens with 
propagating back to the laser diode 20. For example, any waveguide 30, in the preferred embodiment. Other varia- 
light reflected by connectors or splices in the communication tions of the preferred embodiment exist which reduce sen- 
link will propagate down the optical fiber 28 back to the 35 sitivity to one kind of translation or rotational misalignment 
laser diode 20. The reflected power is absorbed or diverted at the expense of increased sensitivity to some other trans- 
by the optical isolator 26. It should be noted that the isolator lation or rotational misalignment, or at the expense of 
can be placed at other points in the optical system, for increased power loss. In general, where ever the beam is 
example, between the second lens 24 and GRIN lens 14. The collimated or nearly so, the X, Y and Z sensitivities are 
position in the preferred embodiment allows the isolator to 40 reduced at the expense of greater rotational sensitivity. On 
be of small diameter. Also note that other types of lenses are the other hand, in places where the beam is focusing or 
possible, such as spherical. The aspheric lenses are chosen expanding, the rotational sensitivities are reduced at the 
because of their ability to collect the widely divergent light expense or greater X, Y and Z sensitivity, 
from laser diodes, and focus and collimate it, with a mini- The modulator 16 is an integrated optical circuit (IOC) 
mum of aberration and lost optical power. 45 fabricated in lit hium niobate (IiNbO r V The modulator 

The collimated light from the second lens 24 is directed includes a waveguide 30 at the receiving end 31 of the 

to the GRIN lens 14, which focuses the light to a small modulator that directs the optical beam to a Mach-Zehnder 

enough spot size, and low enough divergence in order to Interferom eter (MZI) 32. As the optical beam enters the 

permit efficient coupling of light into an optical waveguide interferometer 32, the beam is split and propagates into two 

30 of the optical modulator 16. The GRIN lens may be 50 parallel paths or arms 34,36 which are then recombined at 

rigidly attached to the laser head assembly The modulator the transmitting end 38 of the modulator. The interferometer 

modulates the light in response to an electrical signal, such 32 includes a plurality of electrodes 40 disposed on both 

as the communications signal, provided by the external sides of the arms 34,36. The applied voltage from the 

signal generator 18. communications signal to the electrodes controls the veloc- 

The two aspheric lenses 22,24 provide flexibility regard- 55 ity of light passing through each arm of the interferometer, 

ing the type of laser diode 20 used in the system. For via the electro-optic effect in lithium niobate. Depending on 

example, the two lens system allows for the use of a laser the applied voltage, the light in each arm 34,36 of the 

diode mounted in its own hermetic housing, e.g. a "TO-5.6 interferometer 32 can be made to constructively or destruc- 

can," which is convenient to handle, and protects the laser tively interfere when the two beams are recombined at the 

diode from any adverse contaminants in the atmosphere. 60 transmitting end 38, which makes high speed switching 

Coupling between the laser diode 20 and modulator 16 is possible. In this manner, the communications signal pro- 

generally inefficient if only one lens 24 is used, because the vided by the external signal generator is impressed onto the 

divergence of the laser beam at the output of commercially beam of light. 

available lasers in TO-5.6 cans is too great. The collimated Typically, the interferometer 32 is set to be midway 

beam provided by a single lens 24 may be much larger than 65 between constructive and destructive interference when no 

the beam size that can be accepted by the GRIN lens 14. signal voltage is applied, by introducing X/2 phase difference 

Focusing the beam with the first lens 22 and using a second between the two light beams in the arms 34,36 of the 
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interferometer. The signal voltage applied to the electrodes 
40 causes the light in the arms of the interferometer to either 
completely constructively interfere ("on" state), or destruc- 
tively interfere ("off" state). The phase difference between 
the light beams in the two arms of the interferometer, with 
no signal applied, is referred to as the bias point of the 
interferometer. 

Assembly and alignment of the optical components of the 
transmitter 10 are critical to overcome concerns associated 
with prior art optical transmitters. In the prior art, the optical 
components of the transmitter are mounted fixedly to each 
other and to a common platform or bed. This method of 
coupling each of the optical components raises concerns 
associated with the different coefficients of thermal expan- 
sion of each optical component. The varying thermal expan- 
sion stresses the components when heated or cooled which 
results in misalignment of the components and possible 
altering of their optical characteristics. The modulator 16 is 
particularly sensitive to these resulting stresses because the 
interferometer 32 of the modulator is formed of lithium 
niobate. Lithium niobate is a piezoelectric material and 
therefore, any stresses to the modulator substrate can cause 
the bias point to change from its optimum setting. Hence, 
mounting the modulator 16 with a compliant adhesive 
prevents stresses or deflections in the package from being 
transferred to the modulator, 

FIG. 2 illustrates the mechanical assembly of the optical 
transmitter 10 of a type embodying the present invention 
that overcomes the effect of varying coefficient of thermal 
expansion of the components. These optical components are 
rigidly secured to each other to provide the laser head 
assembly 12 with the GRIN lens wherein the components 
are fixed in optical relationship to one another. The laser 
head assembly 12 with the GRIN lens is then mounted to an 
upper surface of a common substrate or optical bed 44 by a 
complaint adhesive 46, such as RTV, Ecosorb and "Able- 
stick". The laser head assembly 12 is mounted on a recessed 
stepped portion of the optical bed 44 at one end in order that 
the optical beam generated at the focal point of the GRIN 
lens 14 aligns with input facet 31 of waveguide 30 (see FIG. 
1), which is located at the upper surface of the modulator 
substrate 16. The bottom of the modulator is also secured to 
the optical bed 44 with the complaint adhesive 46. 

The compliant adhesive 46 isolates each of the optical 
components 12, 14 and 16 from the effects of thermal 
expansion. The compliant adhesive permits the sub- 
assembly to remain optically-fixed without regard to tem- 
perature change of the transmitter 10. The use of compliant 
adhesive minimizes the stress of both modulator 16 and laser 
head assembly 12 as these components thermally expand 
and contract during manufacture or operation. Stresses are 
not only deleterious to optical alignment because of small 
deflections that occur at critical points in the optical train, 
but stresses can also affect the bias point of the Mach- 
Zehnder modulator 16. 

To further reduce misalignment of and stresses to the 
optical components due to the effects of thermal expansion, 
thermal control of laser head assembly 12 and modulator 16 
is also provided. A thermal transfer plug 42 is coupled to a 
rear portion of the laser head assembly 12 to transfer heat 
from the laser directly to a thermoelectric cooler (TEC) 50. 
A second TEC 52 is coupled by the compliant adhesive 46 
to the optical bed 44. The TECs 50,52 remove or add heat 
from the modulator 16 and laser head assembly 12, in order 
to maintain optimum temperature of the laser during opera- 
tion. A thermistor (not shown) mounted in the thermal 
transfer plug 42 monitors the temperature of the laser head 
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assembly 12. The optical bench 44 also helps to minimize 
thermal gradients across the modulator 16 which can create 
internal stresses that affect its bias point. 
A method 150 of fabricating the optical transmitter 10 of 

5 FIG. 2 is shown in blocks 152-166 of the functional diagram 
of FIG. 3. As shown in blocks 152-156, the laser diode 20, 
aspheric lenses 22,24 and optical isolator 26 are aligned to 
provide a collimated beam at its output having output power 
within a predetermined level. These components are then 

1° secured within the laser head assembly 12. The thermal 
transfer plug is then secured to the rear surface of the laser 
head assembly. In block 158, the GRIN lens 14 is first 
aligned and then secured to the laser head assembly 12. A 
pair of TECs 50,52 are mounted to lower inside surfaces of 

15 the housing 148. As shown in block 162, the laser head 
assembly is secured to the optical bed 44, which is then 
mounted to the thermoelectric coolers in block 164. In block 
166, the modulator 16 is aligned and secured to GRIN lens 
14 by epoxy such that the focal point of the lens is positioned 

20 at the input facet 31 of the waveguide 30 of the modulator. 
In block 168, the modulator is secured to the optical bed 44. 

In an alternative embodiment 170 of the present invention 
shown in FIG. 4, the optical transmitter 170 includes a 
means 172 for stabilizing the wavelength of the optical 

25 beam. The wavelength of light generated by the laser diode 
20 is dependent upon its temperature and current. A method 
of stabilizing the output wavelength of the optical beam is to 
control the temperature of the laser head assembly 12 using 
a thermoelectric cooler (TEC) 50 that is thermally- 

30 connected to the laser head assembly. A controller 174 
provides a temperature control signal at 176 to the TEC 50 
for adjusting the temperature of the laser diode 20 in 
response to a feedback signals at 188,188 representative of 
the wavelength of the optical beam and a signal at 180 

35 representative of the temperature of the laser. In this manner, 
the wavelength of the optical beam may be stabilized or 
locked at a predetermined wavelength. Typically, laser tem- 
perature tuning of 10° C. or less is more than adequate to 
compensate for laser aging effects which influence wave- 

40 length during the lifetime of the transmitter, therefore, 
alignment of the optical train, and modulator optical 
properties, are not adversely affected by thermal expansion/ 
contraction that accompanies the temperature change intro- 
duced by the wavelength stabilization. 

The optical system 170, as described above, used to 
efficiently couple light from the laser head assembly 20 to 
the GRIN lens 14 and then modulator 16 is designed to 
produce a collimated beam after the second aspheric lens 24 

50 (see FIG. 1). Because the beam is well behaved in this 
section of the optical train, it is an ideal place to sample the 
beam for the purpose of locking the wavelength. 

The optical beam, therefore, is sampled by placing a beam 
splitter 182 between the second aspheric lens 24 and the 

55 GRIN lens 14. Approximately 1% of the light from the laser 
diode 20 is reflected out of the path between the laser head 
assembly 12 and the GRIN lens 14 and modulator 16. This 
light is then directed into a pair of filtered detectors 183,183, 
such as photodiodes. The detectors' spectral response is 

60 highly influenced by a pair of angle-tuned narrow bandpass 
filters 184,186 disposed in front of the filtered detectors. The 
narrow bandpass filters 184,186 are rotated to change the 
incidence angle and thus the center transmission 
wavelength, which is a function of incidence angle. 

65 The output signals at 188,188 of the filtered detectors 
183,183 are provided to the controller 174, which generates 
an output signal representative of the wavelength of the 



01/07/2004, EAST Version: 1.4.1 



US 6,370,290 Bl 

9 10 

optical beam at 176. The temperature of the laser head optical beam generated by the laser diode is directly focused 

subassembly 12 is monitored with a thermistor which is to the input facet of the modulator without having a portion 

mounted within the thermal transfer plug 42 (see FIG. 2). of the beam collimated. Any movement or misalignment of 

To angle tune the narrow bandpass filter 184,186, the ; focuscd <*™ the power loss of the transmitter, 

filters are rotated to overlap the transmission spectra in a 5 It has been determined however, that use o a couimated 

u • rrp e 4U * * a beam between the laser head assembly 12 and the GRIN lens 

manner shown in FIG 5 once the temperature and emission u reduces ^ of wef , oss tQ misali nt fa 

wavelength is set to he predetermined values Curve 192 ^ orth , directions ^ Y and z). The optical trans- 

represents the spectral response of filter 184 and curve 194 ^ ^ ^ 6 theref the portion of the 

represents the spectral response of filter 186, the filters beam ^twen laser nead u and 

184,186 are first tuned to find the peak transmittance by 10 ^ DTXT , \ A t * raA „„ a nnnrar w,. „ „ ^ f . 1ltt „ f i- 

'. , - ,i_ j . . 1011D - GRIN lens 14, to reduce power loss as a result oi misalign- 

momtoring the output from the detectors 183 183. The ment Qr movemeQt of the c0 onenls in me ormogonal 

bandpass filters 184,186 are then rotated such that the output axes ^ feature ^ ^ ^ head ^ a an(J 

from the detectors 183,183 are W™°nutely ^5 of the ^ ^ u lQ e£fectivel ,. floa ,.. jjatpeadttaly ^ 

peak value. Since the transmittance of the filters 184,186 is reduce( , effect tQ ^ power 0 f the beam, if the motion 

close to symmetric, the filter will need to be tuned m the « of ^ GRIN , ens relative (o laser head assem can ^ 

nght direction. This direction is known from the center _„ t , • ^ . , .„ ■ Y v ~ 

^ . - * * . , . . , i r™ cu constrained to be only in the X, Y or Z direction, 

wavelength relationship with incidence angle. The filters are _ A , _ . . J . . t . . , , , 

then locked into place by laser welding which strongly . ™ e tradeoff of desensitizing the optical beam to changes 

couples the response from the filtered detectors 183483 to in ,he <f ical ?l>»»»nt « *» orthogonal planes is that the 

the in ut wavelen th 20 °P tlca ^ ^ eam 1S sensitive to angular misalignment, such as 

p 8 pitch (rotation about the X-axis, shown in FIG. 7), roll 

In the operation of the wavelength stabilizer 172, the (longimdmal rotation abo ut thc ^axis, shown in FIG. 8), 

output from the filtered detectors 183,183 will change as the and yaw (horizontal rota tion in about Y-axis, shown in FIG. 

emission wavelength of the laser diode 20 changes. If, for 9) of any of thc components> Measurements made with 

instance, the wavelength increases, the output from one typical optical components indicate that the comphant adhe- 

filtered detector 183 will decrease and the output from the siv<? musl pitch or yaw tiIt of the GRIN lens/ 

other filtered detector 183 will increase. By measuring the modulator asS embly relative to the laser head assembly to 

ratio of the output from the two filtered detectors 183,183 20 within approximatcly 0 .01° degree in order that power 

determined by the controller 174, the emission wavelength t from mc modu]ator fe not rcduced significantly, 

can be monitored. By using this ratio, a relative signal at 176 Likewise, the X and Y position of the modulator, relative to 

generated by the controller 174 can be used to change the ^ lascr h ^ must stm bc raaintaincd t0 within approxi . 

wavelength of the laser diode 20 by changing the laser mately ±20/|m for thc samc reasQn tolerances must 

current or the voltage to the thermoelectric cooler 50. be hdd Qver the Ufetime of lhc deyice (typicaUy 2 Q years or 

In another embodiment 200 of the present invention more for telecommunications applications), even after expo- 
shown in FIG. 6, the optical transmitter 200 includes a laser 35 sure ( 0 storage temperatures ranging -40 to 85°, Any shrink- 
head assembly 12 and a GRIN lens/modulator assembly 48 age 0 f t h e compliant adhesive during assembly, such as from 
mounted to a common optical bed 44 which is secured curing, must not cause movement of the modulator assembly 
within a housing 148. The optical assemblies are fixed in to exceed these tolerances, or must be compensated for by 
optical relationship to each other wherein the optical axis 42 offsetting the modulator position prior to adhesive cure, or 
propagates along the z-axis. The laser head assembly 12 is ^ by X, Y, pitch, or yaw ofisets during final assembly with the 
fixed directly to a carrier plate 202 which is secured to the i aser head. Note that the preferred embodiment does not 
optical bed 44. The GRIN lens/modulator assembly 48 are su ff er from these severe requirements of the compliant 
secured to a mounting block 204 composed of the same adhesive because the optical train is a single rigid unit, 
material, lithium niobate, as the modulator in order to reduce FIGS. 7-9 illustrate pitch, roll and yaw, respectively, of the 
the effects of thermal expansion. The under surface of the 45 ] aser head assembly 12 relative to the optical axis 47. 
mounting block 204 is secured to an upper surface of a The collimating of the optical beam to propagate the beam 
second carrier plate 206 by a compliant adhesive 46. The from the laser head assembly 12 to the GRIN lens 14 and 
GRIN lens 14 and laser head assembly 12 are laterally- mod ulator 16 also permits independent assembly and align- 
spaced on the optical bed 44 to align optically, but are not meDt of the oplics of the laser head assembly and the 
coupled together. This permits these optical components to 5Q comb ined GRIN lens/modulator assembly 48. This method 
expand and contract independently and thus, minimizes the allows each assembly 12,48 to be fabricated at different 
stresses associated with the thermal expansion of the optical i ocat i 0 ns which can then be brought together and easily 
components. Moreover, the integrated optical transmitter of aligned to fabricate the transmitter 200. The modularization 
FIG. 6 is capable of assembly in distinct steps which may be of the transmitter also allows any laser head assembly 12 to 
separate in time and location. 55 be easily combined or interchanged with any GRIN lens/ 

In the embodiment of FIG. 6, the laser head assembly 12 modulator assembly 48, and replacement of either assembly 

remains fixed relative to the optical bed 44. On the other to repair the transmitter or change the wavelength of its 

hand, the compliant adhesive 46 permits the modulator to optical beam. In addition, the laser can be temperature tuned 

move orthogonally in the x-axis, y-axis and z-axis to mini- independent of the GRIN lens/modulator assembly, 

mize stress on the modulator 16 as the components ther- 60 To ensure alignment of the optics of each assembly 12,48, 

mally expand and contract during manufacture or operation. the method of fabricating and aligning of the assemblies 

This movement eliminates stress to the modulator which can includes a test jig 60 (see FIGS. 10 and 11) having a GRIN 

affect the bias point of the Mach-Zehnder modulator 16. i ens 62 mounted to an upper surface of a common test bed 

One might expect that the independent movement of the 64 for receiving an optical beam emitted from the assem- 

GRIN lens/modulator assembly 48 will dramatically effect 65 blies being fabricated. The transmitting end 66 of the lens 62 

the power output and optical characteristic of the optical is optically connected to a beam detector 68 by an optical 

beam. This is true of an optical transmitter wherein the fiber 70. The beam detector measures the output power of 



01/07/2004, EAST Version: 1.4.1 



US 6,3* 

11 

the optical beam to provide feedback during the alignment 
procedure of the optical components of each assembly. 

The test bed 64 of the jig 60 and a vacuum chuck 72 for 
mounting each of the assemblies 12,48 include a precision 
ground engagement surface 74,74 for maintaining the 
vacuum chuck and test bed at a precise known position in the 
x, y plane relative to each other. This permits the laser head 
assemblies 12 and the GRIN lens/modulator assemblies 48 
to be independently manufactured and require minimal 
alignment when assembled together to form the transmitter 
200. 

A method 79 of fabricating the GRIN lens/modulator 
assembly 48 and aligning of its components of the embodi- 
ment of FIG. 6 is shown in blocks 80-108 of the functional 
diagram of FIG. 12. Referring to block 80 and FIG. 10, the 
fiber-optic pigtail 28 is secured to the transmitting end 38 of 
the modulator 16. In blocks 82-86, the modulator is secured 
fixedly to the mounting block 204. The mounting block is 
then mounted to the upper surface of the carrier plate 206 by 
the compliant adhesive 46 at a predetermined position and 
orientation. The carrier plate 206 is then releasably secured 
to the vacuum chuck 72 at a known position. Referring to 
blocks 88-90, a light source 76 is connected to the pigtail 28 
of the modulator 16 to emit an optical beam from the 
receiving end 31 of the modulator. The GRIN lens 14, using 
a vacuum chuck, is positioned at the receiving end 31 of the 
waveguide portion 30 of the modulator 16 using a vacuum 
chuck. In block 92, the polarization within the fiber of the 
pigtail 28 is adjusted to provide the maximum output and 
provide rough collimation of the optical beam. Referring to 
block 94, the GRIN lens is positioned so that the output 
power of the optical beam from the GRIN lens is at an 
acceptable value. 

Referring to block 96, the vacuum chuck 72 is then 
abutted to the engagement surface 74 of the common test 
bed 64. In blocks 98-102, epoxy is applied to the GRIN lens 
modulator interface. The GRIN lens 14 is adjusted to 
provide peak output power measured by the beam detector 
68 in block 104. Optimization of the optics insures that the 
beam is propagating along the z-axis with minimal pitch and 
yaw, but not necessarily the optical alignment in the X and 
Y planes. 

Referring to blocks 106 and 101, the vacuum chuck 72 is 
then adjusted in the X and Y planes with respect to the 
engagement surface 74 of the common test bed 64 to obtain 
peak optical coupling. The alignment of GRIN lens 14 and 
vacuum chuck 72 may need to be done recursively or 
simultaneously until output power is within specification. 
When the output power is within specification, the epoxy is 
first cured using ultra-violet light and then oven cured (block 
108). 

A method 109 of fabricating the laser head assembly 12 
and aligning of the optical components is shown in blocks 
110-128 of the functional diagram of FIG. 13. Referring to 
blocks 110-111 and FIG. 11, a mounting plate 78 for the 
laser head assembly 12 is mounted securably to the carrier 
plate 202. The carrier plate 202 is then releasably secured to 
a vacuum chuck 72 that is similar to the one described 
above. The laser diode 20 is then secured to the carrier plate 
at a predetermined position along the z-axis. In blocks 
112-116, the optical lenses 22,24 are then located on the 
mounting plate 78 aligned and adjusted to provide for rough 
collimation of the optical beam. Note that mounting plate 78 
is not limited to planar geometry but may be of other 
geometries including cylindrical. The laser diode is ener- 
gized and the output power of the optical beam is measured 
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to provide a base measurement of the output power of the 
laser head assembly 12. Referring to blocks 118-120, the 
vacuum chuck 72 then engages the precision engagement 
surface 74 of the common test bed 64. The optics are then 
5 aligned to provide peak output power measured by the beam 
detector 68. Optimization of the optics insures that the beam 
is propagating along the z-axis with minimal pitch and yaw, 
but not necessarily the optical alignment in the X and Y 
directions. 

10 In block 122, the vacuum chuck 72 is then adjusted in the 
X and Y directions with respect to the engagement surface 
74 of the common test bed 64 to obtain peak optical 
coupling. The output power of the beam measured at the 
beam detector 68 is compared to the initial output power 

15 measurement of the laser diode 20 (see block 124). If the 
difference of the output power of the beams is not within 
specification, then the steps to adjust the optics and support 
bed position are repeated, as shown in block 126. The 
alignment of the optics and vacuum chuck 72 may need to 

2Q be done simultaneously depending on the particular embodi- 
ment. In block 128, when the output power is within 
specification, the optics of the laser head assembly 12 are 
soldered in place. 

A method 129 of aligning the laser head assembly 12 and 

25 the GRIN lens/modulator assembly 48 to fabricate the 
transmitter 200 is shown in blocks 130-140 of the functional 
diagram of FIG. 14. Referring to block 130 and FIG. 6, the 
carrier plate 202 of the laser head assembly is secured 
fixedly to the optical bed 44 such that the optical path 

30 propagates along the z-axis. In block 132, the optical bed 44 
is mounted within the transmitter housing 200. A beam 
detector 68 is coupled to the fiber-optic pigtail 28 that is 
attached to modulator 16. In block 134, the carrier plate 206 
holding the GRIN lens/modulator assembly 48 is positioned 

35 onto the optical bed 44 using a vacuum chuck such that the 
assembly 48 is located in front of the laser head assembly 12. 
In blocks 136-138, the laser diode is energized, and the 
carrier plate with GRIN lens/modulator assembly is posi- 
tioned in the X and Y axes, and pitch and yaw tilt, if needed, 

40 until the optical power at the output of modulator 16 is 
within specification. The carrier plate 206 is then secured 
fixedly to optical bed 44 to form the integrated laser modu- 
lator assembly. 
An advantage of the embodiment 200 of the present 

45 invention is that the collimation of the optical beam allows 
for the optics components to be optically aligned and 
laterally-spaced on an optical bed, but not fixed together. 
This permits the components to move independently of each 
other in response to changes in ambient temperature and 

50 thereby, minimize the detrimental effects of the different 
coefficients of thermal expansion but still be in a fixed 
optical relation relative to one another. This modularization 
of the transmitter also permits interchangability of the 
optical components. 

55 One skilled in the art would recognize that the optical 
modulator is not limited to a Mach-Zehnder Interferometer 
and that other types of modulators, e.g. Electro-Absorption 
(EA), can be used. The optical modulator material is not 
limited to lithium niobate, but includes others such as glass 

60 or polymer or others to which interface optics can be 
mounted, without damaging the modulator. Furthermore, 
even though the integrated optical transmitter is shown 
mounted within a housing to form a discrete module, one 
would recognize that a plurality of transmitters can be 

65 mounted onto a single optical bed or board. 

Although the invention has been shown and described 
with respect to an exemplary embodiment thereof, it should 
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be understood by those skilled in the art that the foregoing 
and various other changes, omissions, and additions in the 
form and detail thereof may be made therein without depart- 
ing from the spirit and scope of the invention. 
We claim: 

1. An integrated optical transmitter for use in an optical 
system, comprising: 

an optical head assembly including 

an optical beam generator for providing an optical 
beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 
an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
response to received modulation signals; and 
interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
maintain a fixed relationship therewith, 
wherein said lens assembly further comprises a first 
aspheric lens for collecting and focusing said optical 
beam and a second aspheric lens for generating said 
collimated optical beam, said optical head assembly 
further including an optical isolator disposed between 
said first and second aspheric lenses for preventing 
reflected light from returning to said optical beam 
generator. 

2. An integrated optical transmitter for use in an optical 
system, comprising: 

an optical head assembly including 
an optical beam generator for providing an optical 
beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 

an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
response to received modulation signals; and 

interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
raize insertion loss to the formed optical beam and to 
maintain a fixed relationship therewith, 

wherein said interface optics comprises a graded refrac- 
tive index lens which is fixedly mounted to said 
optical modulator. 

3. An integrated optical transmitter for use in an optical 
system, comprising: 

an optical head assembly including 

an optical beam generator for providing an optical 
beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 

an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
response to received modulation signals; and 

interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
maintain a fixed relationship therewith, and 
a signal generator for providing said modulation signals. 

4. The integrated optical transmitter of claim 3 wherein 
said interface optics comprises a graded refractive index lens 
which is fixedly mounted to said lens assembly. 
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5. An integrated optical transmitter for use in an optical 
system, comprising: 

an optical head assembly including 

an optical beam generator for providing an optical 
5 beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 
an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
10 response to received modulation signals; and 

interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
15 maintain a fixed relationship therewith, 

wherein said optical head assembly and said modulator 
are compliantly mounted to a mounting surface. 

6. The integrated optical transmitter of claim 5 wherein 
said optical beam has a wavelength that is a function of 

20 optical beam generator current, said integrated optical trans- 
mitter further comprising a wavelength stabilization means 
that includes a means for sampling the optical beam gener- 
ating feedback signals indicative of the wavelength of the 
sampled optical beam and a controller receiving said feed- 

25 back signals and for generating command signals to adjust 
the current of the optical beam generator to provide an 
optical beam of a preselected wavelength. 

7. The integrated optical transmitter of claim 6 further 
comprising a heating/cooling means in thermal communi- 

30 cation with said mounting plate for maintaining said inte- 
grated optical transmitter at a preselected temperature. 

8. The integrated optical transmitter of claim 7 wherein 
said heating/cooling means further comprises a thermoelec- 
tric cooler. 

35 9. The integrated optical transmitter of claim 7 wherein 
said heating/cooling means is compliantly mounted to said 
mounting plate. 

10. The integrated optical transmitter of claim 5 wherein 
said mounting surface further comprises an interior surface 

40 of a housing. 

11. The integrated optical transmitter of claim 7 wherein 
said optical beam has a wavelength that is a function of 
optical beam generator temperature, said integrated optical 
transmitter further comprising a wavelength stabilization 

45 means that includes a means for sampling the optical beam 
generating feedback signals indicative of the wavelength of 
the sampled optical beam and a controller receiving said 
feedback signals and for generating command signals for 
said heating/cooling means to adjust the temperature of the 

so optical beam generator to provide an optical beam of a 
preselected wavelength. 

12. The integrated optical transmitter of claim 11 wherein 
the wavelength stabilization means further comprises a 
beamsplitter which provides split sampled beams to pair of 

55 optical filters before presentation to respective optical detec- 
tors and wherein said controller determines said command 
signals from the ratio of the signals from said optical 
detectors. 

13. The integrated optical transmitter of claim 7 wherein 
60 said heating/cooling means is mounted to an interior surface 

of a housing. 

14. The integrated optical transmitter of claim 7 further 
comprising a means for adjusting the temperature of said 
optical beam generator independently of said optical modu- 

65 lator. 

15. An integrated optical transmitter for use in an optical 
system, comprising: 
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an optical head assembly including 

an optical beam generator for providing an optical 
beam; and 

a lens assembly collecting said optical beam and gen- 
erating therefrom a formed optical beam; 5 

an optical modulator for receiving said formed optical 
beam and for providing a modulated optical beam in 
response to received modulation signals; and 

interface optics adapted to receive said formed optical 
beam and to present the formed optical beam to said 10 
optical modulator, said interface optics providing 
optical coupling with said optical modulator to mini- 
mize insertion loss to the formed optical beam and to 
maintain a fixed relationship therewith, and 
a means for generating signals to energize said optical 15 

beams generator. 

16. A method of fabricating an integrated optical trans- 
mitter comprising the steps of: 

(a) aligning optically a laser diode and a lens; ^ 

(b) securing the laser diode and the lens to a mounting 
element to define a laser head assembly; 

(c) securing fixedly a focusing lens to the laser head 
assembly in optical alignment with the laser diode and 
the lens; 25 

(d) securing compliantly the laser head assembly to a 
substrate; 

(e) securing fixedly an optical modulator to the focusing 
lens in optical alignment with the focusing lens and the 
laser head assembly to define an optical subassembly; 30 
and 

(f) securing the optical subassembly to a substrate. 

17. A method, as set forth in claim 16, that after step (b) 
includes the step of: 

35 

(a) securing a thermal transfer plug to the laser head 
assembly. 

18. A method, as set forth in claim 16, that before step (e) 
includes the step of: 

(a) coupling a cooling device to the optical bed. 40 

19. A method, as set forth in claim 14, that before step (e) 
includes the step of: 

(a) optically coupling an optical fiber to a transmitting end 
of the modulator. 

20. A method, as set forth in claim 16, that after step (d) 45 
includes the step of: 

(a) securing the substrate to a cooling device within a 
housing. 

21 . A method of fabricating an integrated optical trans- 
mitter comprising the steps of: 50 

(a) providing an optical modulator assembly having an 
optical modulator with a focusing lens coupled to a first 
carrier plate; 

(b) providing a laser head assembly having a optical beam 55 
generator and a lens coupled to a second carrier plate; 

(c) securing the first carrier plate to a substrate; 

(d) energizing the optical beam generator; 

(e) positioning the laser head assembly on the substrate in 
optical alignment with the optical modulator assembly 60 
to obtain an optical beam at the transmitting end of the 
modulator within a predetermined level; and 

(f) securing the second carrier plate to the substrate. 
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22. A method, as set forth in claim 21, that after step (c) 
includes the step of: 

(a) mounting the optical transmitter within a housing. 

23. A method of fabricating a modulator assembly for an 
integrated optical transmitter comprising the steps of: 

(a) providing an optical modulator; 

(b) coupling compliantly the optical modulator to a carrier 
plate; 

(c) securing releasably the carrier plate to a vacuum chuck 
having an engagement surface; 

(d) providing an optical beam to a transmitting end of the 
modulator; 

(e) repeating steps j-k, if the peak output power is not 
within a predetermined level; 

(f) adjusting the polarization of the optical beam provided 
to the modulator; 

(g) adjusting the focusing lens to emit an optical beam of 
acceptable output power; 

(h) providing a test assembly having a beam receiving 
lens mounted to a test bed having an engagement 
surface; 

(i) abutting the engagement surface of the vacuum chuck 
to the engagement surface of the test bed; 

(j) adjusting the focusing lens to emit from the receiving 
lens an optical beam of maximum output power; 

(k) adjusting the position of the vacuum chuck to obtain 
peak optical coupling; and 

(1) securing fixedly the focusing lens to the receiving end 
of the modulator along the optical axis. 

24. A method of fabricating a laser head assembly for an 
integrated optical transmitter comprising the steps of: 

(a) providing an optical beam generator; 

(b) energizing the beam generator; 

(c) measuring a first output power of the optical beam; 

(d) coupling releasably a mounting plate to a vacuum 
chuck having an engagement surface; 

(e) aligning the beam generator on the mounting plate; 

(f) aligning an optical lens to roughly collimate an optical 
beam; 

(g) providing a test assembly having a beam receiving 
lens mounted to a test bed having an engagement 
surface; 

(h) abutting the engagement surface of the vacuum chuck 
with the engagement surface of the test bed; 

(i) adjusting the beam generator and the optical lens to 
provide peal( output power of the optical beam emitted 
from the focusing lens of the test assembly; 

(j) adjusting the vacuum chuck to obtain peak optical 
coupling; 

(k) comparing peak output power of the optical beam 

emitted from the test assembly with the first output 

power of the beam generator; 
(I) securing the beam generator and optical lens in place 

if the peak output power is within a predetermined 

level; and 

(m) repeating steps i-k, if the peak output power is not 
within a predetermined level. 

***** 



01/07/2004, EAST Version: 1.4.1 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 



PATENT NO. : 6,370,290 Bl Page 1 of 1 

DATED : April 9, 2002 

INVENTOR(S) :Balletal. 

It is certified that error appears in the above-identified patent and that said Letters Patent is 
hereby corrected as shown below: 



Column 16, 

Line 50, "provide peal" should read ~ provide peak ™ 



Signed and Sealed this 
Second Day of July, 2002 



Attest: 




JAMES E. ROGAN 

A nesting Officer Director of the United States Patent and Trademark Office 



01/07/2004, EAST Version: 1.4.1 



lllliniHIIHIllllllllllllllllllNlllll 

US006479979B1 

(12) United States Patent (10) Patent No.: US 6,479,979 Bl 

Kingsley et al. (45) Date of Patent: Nov. 12, 2002 



(54) OPTO-ELECTRIC DEVICE FOR 

MEASURING THE ROOT-MEAN-SQUARE 
VALUE OF AN ALTERNATING CURRENT 
VOLTAGE 



(75) 
? 

(•) 



Inventors: t^tuart A. Kingsley, Bcxley; Sriram S. 
/Sriram, Powell, both of OH (US); 
j ^ Meindert KJeefstra, Salmon Creek, 
ftJ^ WA(US) 



Assignee: Srico, Inc., Columbus, OH (US) 

Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 21 days. 



(21) Appl. No.: 09/610,544 

(22) Filed: Jul. 4, 2000 

Related U.S. Application Data 

(60) Provisional application No. 60/143,118, filed on Jul. 9, 
^999^ 

(51) Int. CI. 7 G01R 31/00 

(52) U.S. CI 324/96 

(58) Field of Search 324/96, 752, 750, 

324/751, 765, 244.1; 385/8; 356/364, 345; 

250/310, 311 

(56) References Cited 

U.S. PATENT DOCUMENTS 



3,993,947 A 


11/1976 


Maltby et al. 


4,061,891 A 


12/1977 


Pommer 


4,200,933 A 


4/1980 


Nickel et al. 


4,364,027 A 


12/1982 


Murooka 


4,414,638 A 


11/1983 


Talambiras 


4,552,457 A 


11/1985 


Giallorenzi et al. 


4,616,329 A 


10/1986 


Ab ranis et al. 


4,758,060 A 


7/1988 Jaeger et al. 


4,772,083 A 


9/1988 


Ahmed 


4,797,607 A 


1/1989 


Dupraz 


4,799,008 A 


1/1989 


Kannari 


4,859,936 A 


8/1989 


Eccleston 


4,899,042 A 


2/1990 


Falk et al. 



4,904,931 A * 2/1990 Miller 324/96 

4,931,976 A 6/1990 Olivenbaum et al. 
5,003,624 A 3/1991 Terbrack et al. 

(List continued on next page.) 

OTHER PUBLICATIONS 

Paulter, N. G. An electro-optic based RMS voltage mea- 
surement technique Rev, Sci. Instrum. vol. 66, No. 6(Jun., 
1995), pp. 3683-3690. 

Wooten, E. L. et al. A Review of Lithium Niobate Modulators 
for Fiber-Optic Communication Systems IEEE Journal of 
Selected Topics in Quantum Electronics vol. 6, No. 1 (Jan./ 
Feb., 2000), pp. 69-82. 

Primary Examiner— Vinh P. Nguyen 

(74) Attorney, Agent, or Firm— Philip J. Pollick 

(57) ABSTRACT 

An opto-electric device for measuring the root mean square 
value of an alternating current voltage comprises: a) an 
electric field-to-light-to-voltage converter having 1) a light 
source; 2) an electro-optic material: (a) receiving light from 
the light source; (b) modulating said light; and (c) providing 
a modulated light output; 3) an electric field applied to the 
electro-optic crystal to modulate the light from the light 
source to produce the modulated light output; b) an optical 
receiver for receiving and converting the modulated output 
light from the electro-optic material to a first voltage that is 
proportional to a square of the electric field applied to the 
electro-optic material; c) an averager circuit receiving the 
first voltage and providing a second voltage that is propor- 
tional to the average of said square of said electric field over 
a period of time; and d) an inverse ratio metric circuit 
receiving the second voltage from the averager circuit and 
returning a third voltage that is an inverse voltage of the 
second voltage to the electric field-to-light-to-voltage con- 
verter to produce an output voltage that is the root mean 
square voltage of the applied electric field. The device uses 
a Mach_Zehnder interferometer operating a a square law 
de vice and features a housin g for maintaining the interfer- 
o meter at constant _ te^peratu re ; using ate 
umt. A nulling circuit is provided to maintain the interfer- 
ometer at it null operating point as are calibration circuits to 
correct for voltage amplitude and frequency changes, 

9 Claims, 9 Drawing Sheets 
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OPTO-ELECTRIC DEVICE FOR 
MEASURING THE ROOT-MEAN-SQUARE 
VALUE OF AN ALTERNATING CURRENT 
VOLTAGE 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of U.S. Provisional 
Application 60/143,118 filed on Jul. 9, 1999 all of which is 
incorporated by reference as if completely written herein. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

The U.S. Government has a paid-up license in this inven- 
tion and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as 
provided for by the terms of contract No. N00O24-97-C- 
4208 awarded by the Navel Sea Systems Command of the 
United States Department of the Navy. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates, in general, to an apparatus for 
measuring voltage and more particularly to apparatus for 
measuring the true root- mean -square (rms) voltage of an 
applied voltage signal. 

2. Background of the Invention 

True rms voltage electronic measurement devices are 
known and widely used. These devices electronically con- 
vert the AC voltage to a direct current (DC) output by 
squaring the voltage, averaging and then obtaining a square 
root. Integrated circuits (ICs) such as the AD536 from 
Analog Devices, Norwood, Mass. have less than 1% error at 
frequencies up to about 140 kHz with a 7 V rms input and 
6 kHz at a 10 mV rms input. A wide-bandwidth multiplier 
(squarer) such as the AD834 allows input bandwidth from 5 
Hz to over 20 MHz and a peak input of 10 V. The dynamic 
range of such devices is limited because the squarer must 
deal with a signal that varies enormously in amplitude. For 
example, an input signal of 1 mV to 100 mV results in a 1 
mV to 10,000 mV (10V) at the output of the squarer. 
Because of this effect, such devices are typically limited to 
a 10:1 dynamic range. To overcome this difficulty, the 
average of the output of the circuit is used to divide the input 
of the circuit. As such, the signals vary linearly rather than 
as the square of the input voltage. Although this increases 
the dynamic range of the circuit, it comes at the expense of 
less bandwidth. 

For the most accurate true rms voltage measurement, 
thermal voltage converter devices are used. These devices 
measure the rms value of the voltage by applying the 
unknown voltage to a heating element and then measuring 
the temperature change produced in the heating element. By 
comparing the heating value of an unknown ac signal to the 
heating value of a known calibrated dc reference, the value 
of the dc reference will equal the rms value of the unknown 
signal. Instruments such as the Fluke 540, WaveTek/Datron 
4920M, and other thermal voltage converters provide excel- 
lent performance at frequencies up to 1 MHz where the error 
is less than 0.1%, i.e., 100 ppm. Above 1 MHz, the error is 
about 1% while at 20 MHz the error increases to about 2%. 
Although the accuracy of the thermal voltage converter is 
superior to integrated circuit (IC)-based devices, the instru- 
ments are very fragile, have a limited dynamic range 
(typically of the order of 10 db), and are easily damaged by 
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small overloads. Morever, the heating process is relatively 
slow and making a series of measurements at just one 
frequency is very time consuming. 

In an effort to overcome some of the prior art limitations, 
5 Paulter (N.G. Paulter, "An electro-optic-based RMS voltage 
measurement technique," Rev, Sci. Instrum. f Vol. 66 No. 6, 
June 1995, pp. 3683-3690) has developed an electro-optic 
device. The Paulter approach is based on an electro-optic 
cell that requires bulk optic components such as a large 
10 crystal, light beam splitters, lenses, and polarizers which 
introduce their own set of problems including alignment and 
stabilization considerations. Such bulk components and sup- 
porting setup are neither light weight nor portable. Further, 
since the device operates as a square law device, the range 
15 of voltage that can be handled is severely limited. 

In order to overcome these and other problems of the prior 
art instruments, it is an object of the present invention to 
provide a true root- mean square ac measuring device that 
utilizes an integrated electro-optical device. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that has a high 
measurement bandwidth. 

It is another object of the present invention to provide a 
25 true root-mean square ac measuring device that has a high 
damage overload threshold. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that is compact 
in size. 

30 It is another object of the present invention to provide a 
true root-mean square ac measuring device that has high 
sensitivity. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that has high 
35 measurement reliability. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that is optically 
isolated from its input source. 
40 Yet another object of the present invention is to provide a 
true root-mean square ac measuring device that provides 
temperature stability to an electro-optical component. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that provides 
45 null correction to an electro-optical component. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that provides an 
ac reference voltage to an electro -optical component. 
It is another object of the present invention to provide a 
50 true root-mean square ac measuring device that provides 
frequency correction for the output voltage. 

It is another object of the present invention to provide a 
true root-mean square ac measuring device that provides 
55 amplitude correction for the output voltage. 

Yet another object of the present invention is to provide a 
true root-mean square ac measuring device that is free of 
electromagnetic interference. 

It is another object of the present invention to provide a 
60 rapid method of taking true room-mean square ac 
measurements, especially at high frequencies. 

SUMMARY OF THE INVENTION 

An op to-electric device for measuring the root mean 
65 square value of an alternating current voltage comprises: a) 
an electric field-to-light-to- voltage converter having 1) a 
light source; 2) an electro-optic material: (a) receiving light 
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from the light source; (b) modulating said light; and (c) 
providing a modulated light output; 3) an electric field 
applied to the electro-optic crystal to modulate the light from 
the light source to produce the modulated light output; b) an 
optical receiver for receiving and converting the modulated 
output light from the electro -optic material to a first voltage 
that is proportional to a square of the electric field applied to 
the electro-optic material; c) an averager circuit receiving 
the first voltage and providing a second voltage that is 
proportional to the average of said square of said electric 
field over a period of time; and d) an inverse ratiometric 
circuit receiving the second voltage from the averager circuit 
and returning a third voltage that is an inverse voltage of the 
second voltage to the electric field-to-light-to-voltage con- 
verter to produce an output voltage that is the root mean 
square voltage of the applied electric field. The device uses 
a Mach_Zehnder interferometer operating a a square law 
device and features a housing for maintaining the interfer- 
ometer at constant temperature using a temperature control 
unit. A nulling circuit is provided to maintain the interfer- 
ometer at it null operating point as are calibration circuits to 
correct for voltage amplitude and frequency changes. 

The foregoing and other objects, features and advantages 
of the invention will become apparent from the following 
disclosure in which one or more preferred embodiments of 
the invention are described in detail and illustrated in the 
accompanying drawings. It is contemplated that variations 
in procedures, structural features and arrangement of parts 
may appear to a person skilled in the art without departing 
from the scope of or sacrificing any of the advantages of the 
invention, 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic block diagram of the present 
invention illustrating the electro-optical device including the 
electro-optical square r for modulating light by means of an 
electric field and converting the modulated light to a voltage 
that is averaged and inverted to provide a root-mean-square 
voltage of the input voltage. ADC null and AC calibration 
circuit along with input voltage switching and conditioning 
under the control of a computer are shown. 

FIG. 2 is a schematic block diagram further detailing the 
electro -optical device of FIG. 1 in which the inverted DC 
voltage from the inverse ratio circuit is used to control the 
light source intensity driver. 

FIG. 3 is a schematic block diagram in which the voltage 
from the inverse ratio circuit is returned to a multiplier 
circuit that multiplies the voltage from the optical receiver 
by the voltage from the inverse ratio circuit to give an output 
voltage that is the rms of the input voltage. 

FIG. 4 is a schematic block diagram in which the voltage 
from the averager circuit is used as an input to a divider 
circuit that divides the voltage from the optical receiver by 
the voltage from the averager circuit to give an output 
voltage that is the rms of the input voltage. 

FIG. 5 is a schematic block diagram in which the squared 
voltage from the electro-optic device and optical receiver are 
processed by an averager with the output voltage sent to a 
square root circuit to obtain an output voltage that is the 
root-mean-square (rms) of the input voltage. 

FIG. 6 is a detailed block diagram of the light source 
module detailing the light source, the light source driver, 
light source temperature controller with associated Peltier 
cooler, photodiode for power intensity control, an input for 
light intensity control using the feedback voltage from the 
root-mean-square output, and the use of noise control 
devices. 
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FIG. 7 is a trace illustrating the noise characteristics of the 
light source prior to the installation of a low pass filter. 

FIG. 8 is a trace illustrating the reduction in noise 
characteristics of the fight source after installation of a low 
5 pass filter. 

FIG. 9 is a detailed schematic drawing of an integrated 
electro-optical modulator illustrating the Mach-Zehnder 
waveguides, electrode positioning, attachment of input and 
output optical fibers to the Mach-Zehnder crystal substrate, 
heaters to control the temperature of the electro-optical 

10 device including a heater controller and thermistor, a printed 
circuit board to which the Mach-Zehnder crystal is attached 
and by which the various connections are made to the 
electrodes of the electro-optical device, and a housing in 
which the electro-optical device is enclosed, 

15 FIG. 10 is a plot of the Mach-Zehnder interferometer 
transmission characteristic. 

FIG. 11 is a comparison of the transfer characteristics 
between a perfect square response (square) and a cosine - 
squared response at a null (diamond). 

20 FIG. 12 is a plot illustrating the difference between a 
perfect squaring function and the cosine-squared response at 
a null. 

FIG. 13 gives two plots, the upper plot being a trace of a 
voltage input at 10 kHz to the Mach-Zehnder device while 

25 the lower trace is the output received from the optical 
squarer when the device is operating at quadrature. 

FIG. 14 again gives two plots, the lower plot being a trace 
of an input signal at 100 kHz and the upper plot being the 
output signal from the optical receiver when the Mach- 

30 Zehnder device has a bias point that is adjusted to the null. 
The output signal is frequency-doubled to 200 kHz as a 
result of the squaring action of the optical device. 

FIG. 15 again gives two plots, the lower plot being a trace 
of an input signal and the upper plot being a trace of the 
optical receiver output when the Mach-Zehnder bias point is 
not located exactly at the null. 

FIG. 16 is a schematic drawing illustrating the basic 
circuitry of the optical receiver, the averager, and the inverse 
ratiometric circuit used in the basic operation of the true 
root-mean -square voltage converter. 

40 FIG. 17 is a schematic drawing illustrating in detail the 
workings of the AC calibration source of the current inven- 
tion including an oscillator, true RMS converter, a DC 
reference, 16-bit and 24-bit analog to digital converters 
(ADCs) under the control of a micro -controller, and a digital 

45 trimmer. 

In describing the preferred embodiment of the invention 
which is illustrated in the drawings, specific terminology is 
resorted to for the sake of clarity. However, it is not intended 
that the invention be limited to the specific terms so selected 

so and it is to be understood that each specific term includes all 
technical equivalents that operate in a similar manner to 
accomplish a similar purpose. 

Although a preferred embodiment of the invention has 
been herein described, it is understood that various changes 

55 and modifications in the illustrated and described structure 
can be affected without departure from the basic principles 
that underlie the invention. Changes and modifications of 
this type are therefore deemed to be circumscribed by the 
spirit and scope of the invention, except as the same may be 

6Q necessarily modified by the appended claims or reasonable 
equivalents thereof. 

DETAILED DESCRIPTION OF THE 
INVENTION AND BEST MODE FOR 
CARRYING OUT THE PREFERRED 
65 EMBODIMENT 

With reference to the drawings and initially FIG. 1, a 
measurement device 10 for measuring the true root-mean- 



01/07/2004, EAST Version: 1.4.1 



US 6,479,979 Bl 

5 6 

square value of an alternating current comprises an electric Alternatively, and as shown in FIG. 3, the inverse voltage 

field-light-voltage converter 70 with a light source 20, in line 62 produced by the inverse ratio circuit 60 can be 

electro-optical device 30 for receiving and modulating light processed by a multiplier circuit 44 to provide a linear output 

22 from the light source 20 as a square law device under the voltage in line 46. That is, the voltage in line 42 which is a 

influence of an electric field produced by an input voltage 5 squared voltage of V in , i.e. Y in 2 is multiplied by the inverse 

from line 28. The modulated light 32 is received by an average voltage in line 62 (1/V in ) to give a linear voltage in 

optical receiver 40 to produce a first voltage that is propor- line 46> { e f (y 2 X 1/V tn ). As shown in FIG. 4, the same 

tional to the square of the input voltage in line 28. The first fesult ran be ach -" eved by eliminating the inverse ratio circuit 

voltage passes to an averager 50 by means of connection 42 6Q and returning the output voltage from the aver ager and 

where averager 50 provides a second voltage that » propor- %Q usi k ag a diyider m a dividef drcuit ^ mal divides the 

tional to the average of the square of the electric field over * } b fa d ft . ^ 52 

a penod of time. The voltage output in line 52 is then feed . H rt/ 2 f 7 - ;„ i™ o rsj*\ tul 

to an inverse ratio circuit 60 that returns an inverse voltage ^ >Y*£ ln „ 5 ' * c ™ lta S e ™ hne « $ *f he 

ofthe voltage in line 52 to the electric potential -light-voltage average of the "squared voltage in line 42 (V ) This 

converter 70 by means of line 62. By feeding back the volta B e 0^) 15 Pressed with a square root circuit 56 to 

inverse voltage to converter 70, an output voltage is pro- 15 S ive the true rms 0Ut P ut voIta S e V our As will be appreciated 

duced in line 54 that is the root mean square voltage of the b Y lhose skllled m & c arl » the use of averager, divider, 

applied electric field produced by the input voltage in line multiplier, and square root circuits is well known in the art 

28. Typically the output voltage in line 54 is used in as illustrated in R. B. Northrop, Introduction to Instrumen- 

conj unction with a high-precision digital dc voltmeter for tation and Measurements, CRC Press, Boca Raton, Fla., 

display of the true rms voltage. 20 1997) all of which is incorporated by reference as if com- 

As will be seen with respect to a discussion of FIGS. 2-5, pletely written herein, FIGS. 2-4 illustrate what may be 

the inverse voltage in line 62 can be used to control a light referred to as an implicit rms determination method while 

source intensity driver 24 for light source 20 (FIG. 2) or used FIG. 5 illustrates an explicit rms determination method, 

with the voltage in line 42 via a multiplier circuit 44 (FIG. Generally the use of an inverse ratio circuit as a control 

3) to provide a true root-mean-square (rms) voltage in line 25 voltage for the light source intensity driver 24 as shown in 

54. Alternatively, the voltage in line 52 can be processed FIG. 2 is the preferred mode of operation of the present 

with the voltage in line 42 using a divider circuit to provide invention as it affords a dramatic increase in the dynamic 

a true rms voltage in line 54 (FIG. 4) or the voltage in line input range (10 dB) and eliminates the "squared voltage 

52 can be processed with a square root circuit to provide the output" handling by optical receiver 40 and the subsequent 

rms output as shown in FIG. 5. 30 circuitry. Such large voltage outputs must be handled in 

In addition to the basic electro -op tic a I device 80 shown in varying degrees by the various circuits illustrated in FIGS. 

FIG. 1 and as will be discussed later, the measurement 3-5. 

device 10 also features: 1) a housing 150 surrounding the Another key advantage of the use of the electro-optic 

electro-optic material 30 for controlling the environment of device 30 is that it eliminates high-frequency processing in 

device 30, 2) a switch 120 for switching between a calibra- 35 the electronics portion of the device. High frequency input 

tion source and the unknown voltage in line 12 (V 1M ), 3) an anc j procession is found only in the electro-optic device 30. 

input conditioning circuit 130 for determining the frequency electronics processing in the optical receiver 40 and 

of the unknown voltage V,.„ and, if necessary, attenuating or afterwards is at dc or low frequencies. The inverse ratio light 

amplifying the unknown voltage V^, and 4) a_DC_null source control circuitry of FIG. 2 can be used with both bulk 
cir cuit 140 that provides for stable operation o f the electro-, 4n anc j integrated electro-optic devices 30 to significantly 

opti cal device 30 as a square law device or squ arer of the improve the dynamic range of the device. The use of an 

mpuTfiej d from line"2« . The device typically operates under integrated electro-optic configuration 30 results in a small 

the control of a computer 100 which can further improve the anc ] vcry rugged device that can be used with the various 

accuracy of the rms output voltage in line 54 by applying electronic signal processing circuits of FIGS. 2-5. Most 

frequency, amplitude, component, and circuit corrections 45 preferred is the use of an integrated electro-optic device 30 

from look-up tables to the rms output voltage. ^th an inverse ratio circuit to control the light source 

Referring to FIGS. 2-5, and initially FIG, 2, the electro intensity and provide a small, rugged device with a high, 

optic material 30 and optical receiver 40 function as a square dynamic input range, 

law device to provide a voltage in line 42 that is the square , x g , , _ 

of the input voltage in line 28. The voltage is passed to the so Ll S ht Source Module 20 

averager 50 and the output is passed to an inverse ratio Referring to FIGS. 1-6 and especially FIGS. 2 and 6, the 

circuit 60 that is used to control the light source intensity light source module 20 comprises a light source 21 selected 

driver 24. Light source intensity (power) drivers with inten- to provide electromagnetic radiation 22 in the infrared to the 

sity (power) control input are well known such as the ultraviolet region. Preferably a light source 21 such as a 

Melles-Griot Model 06DLD203A available from Electro 55 light -emitting diode (LED) or infrared-emitting diode 

Optics of Boulder CO. Such devices have an intensity and/or (IRED) such as are commonly used in fiberoptic technology, 

power control input that can be conveniently connected to a Most preferred is a source of at least some coherent radiation 

control voltage. One of the key features in the current such as found in lasers or laser diodes such as the Ortel 

invention is the use of the output voltage in line 62 from the 171 0B DFB (distributed feedback) laser (Ortel Corporation 

inverse ratio circuit 60 to control the intensity (power) of 60 (Alhambra, Calif., a part of Lucent Technologies' Micro - 

light source 20. As a result, the intensity of the light source electronics Group). The Ortel laser 21 operates at 1550 nm 

20 decreases with an increase of the input voltage in line 28. and includes an optical isolator to prevent optical feedback 

Effectively this converts the squared voltage output in line into the cavity causing intensity and frequency disturbances. 

42 (i.e., a voltage in line 42 that varies with the square of the It is connected to the electro-optic module 30 by means of 

input voltage V in ) to a linear voltage and has the advantage 65 a pigtail polarization maintaining (PM) fiber 27. The normal 

of increasing the dynamic input range of the device by a operating range of the laser is about 3 mW to 30 mW with 

factor of 10 dB. a maximum rated power of 35 mW. The laser diode has a 
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threshold drive current of 2.5 mA with about 220 mA 
required for a 30 mW output. The Ortel diode 21 was used 
with a Melles-Griot Power Source Package (06DLD203A; 

Boulder CO) 160 that consists of a light source driver 24, 
a light source temperature controller 25, and an input 5 
interface connection 26 for connecting the driver 24 to the 
input control voltage in line 62 received from the inverse 
ratio circuit 60. 

When the inverse voltage in line 62 is connected to the 
light source driver input 26 and used to control the light 10 
source output power 22 over a relatively wide range, e.g., 10 
dB, it is highly desirable that the drive voltage from line 62 
and light source power output 22 have a linear transfer 
characteristic. To this end, the Me lies Griot laser diode 
driver 24 allows for operation in either a "stabilized current 
mode" or a "stabilized power mode" of operation. In the 
stabilized current mode, the laser current is determined 
solely by the voltage 62 applied to the modulation input of 
driver 24 and At the resulting drive current. The relationship 
between the modulation drive voltage 62 and the laser drive 
current is very linear. However, the relationship between the 
drive current and the laser output power 22 is not as good. 
The latter relationship shows saturation effects at high power 
levels. The modulation slope sensitivity over the quasi- 
linear range in constant current mode is approximately 9.4 
mW/V. 

In the "stabilized power mode," the Melles-Griot power 
supply uses an internal power-monitoring photodetector 221 
that is located at the rear of the laser diode package 220 to 3Q 
stabilize and linearize the transfer slope between the modu- 
lating input voltage in line 62 and the optical power output 
22. In the "constant power mode", the modulation slope 
sensitivity is about 210 mW/mV. Although the stabilized 
power mode of operation showed a maximum linearity error 35 
of a few percent, this was significantly better than the 
stabilized current mode of operation. In addition and 
because of the much greater sensitivity found in the constant 
power mode of operation, the constant power mode was 
chosen as the operational mode for the device. The loop gain 4Q 
for the implicit true rms circuitry was modified accordingly 
by inserting a DC offset between the optical receiver 40 and 
the averager 50 in FIG. 1 (not shown). Alternatively a 
correction table can be stored in the computer 100 and the 
output voltage from the averager 50 (line 54) adjusted with 45 
computer software and to give an accurate output voltage 
V 

out- 

To reduce the noise characteristics of the light source 21, 
a low pass filter 222 was used in series between the light 
source 21 and the laser driver 24 to reduce radio frequency 50 
interference (RFI) from the driver 24. FIGS. 7 and 8 show 
the laser output noise level without and with the use of a low 
pass filter, respectively. An extraneous noise spike at 8.2 
MHz was noted and removed by using a clamp-on ferrite 
filter 223 around the lead from the temperature sensor 55 
(thermistor) 225 at the laser 21 to the temperature controller 
25 and the power lead 226 from the temperature controller 
25 to the thermoelectric laser cooler 23. The use of a Peltier 
cooler 23 inside of the light source package 220 maintains 
constant laser temperature which extends the laser diode 60 
lifetime and reduces considerably changes in wavelength 
caused by changes in carrier density during the modulation 
process. 

Although many of the above refinements are related to the 
specific light source 21 that was used and its driver 24 and 65 
temperature controller 25, those skilled in the art will 
recognize that a variety of components and component 



arrangements and modifications may be made 1) to provide 
a linear response between the modulating voltage input 62 
and the light power output 22 and 2) to reduce as much as 
possible the noise in light source module 20. 

THE ELECTRO- OPTIC MODULATOR 
At the heart of the present invention is electric potential- 
light-voltage converter 70 (FIG. 1) and especially the 
electro-optic modulator 30 found therein. The electro-optic 
modulator may be of either bulk or integrated construction. 
In bulk construction, various components such as an electro- 
optic material, beam splitters, lenses, polarizers, couplers, a 
light source, a light receiver and other associated parts are 
assembled into the requisite construction as is known in the 
art. The only requirement of the final configuration is that it 
be capable of operating as a square law device. That is, the 
modulated output light must be a cos 2 function of the input 
light. Because of the size, alignment and stabilization prob- 
lems associated with a bulk configuration, an integrated 
device such as a Mach-Zehnder integrated configuration 
shown in FIG. 9 operating as a square-law device is pre- 
ferred. 

The electro-optic material used for modulator 30 includes 
any of the typical anisotropic material materials used in light 
modulation configurations including any material in which 
the application of an electric field causes a change in the 
refractive index of the material. Illustrative materials include 
ammonium di hydrogen phosphate (ADP), potassium dihy- 
drogen phosphate (KDP), cuprous chloride (CuCI), cad- 
mium telluride (CdTe), gallium arsenide (GaAs), lithium p 
niobate (UNjOQ, lithium tantal ate (LiTa0 3 ), zinc selenide A 
(ZnSe), Bi 12 GeO 20 , Bi J2 Si0 20 and various plastics such as 
polyvinyldifluoride (PVDF). Lithium niobate is typically 
used because of its high electro optic coefficients and high 
optical transparency in the near infrared wavelengths. Its 
high Curie temperature (>1100° C.) makes it practical for 
fabrication of low-loss optical waveguides through metal 
diffusion into the substrate. Such diffusion slightly increases 
the refractive index of the material, thus producing an 
optical guiding structure. Photolithographic techniques 
common to the semiconductor industry are employed to 
delineate waveguide and electrode structures. See, for 
example, U.S. Pat. No. 5,267,336 all of which is incorpo- 
rated by reference as if completely rewritten herein. 
Moreover, lithium niobate is thermally, chemically, and 
mechanically stable and it is compatible with conventional 
integrated-circuit (IC) processing technology. 

As shown in FIG. 9, an integrated Mach-Zehnder 
intensity-type modulator arrangement 30 takes advantage of 
the interference effects of two interacting light beams. For 
this purpose, wave guides are formed typically by diffusing 
a metal such as titanium into a crystal substrate 31 such as 
lithium niobate in the requisite configuration. As shown, 
light 22 is received at waveguide 33, divided into two paths 
34 and 36 and then recombined in path 38. A phase shift in 
the light is induced by a change in the refractive index of the 
crystal material in one or both of waveguide legs 34, 36 
caused by applying an electric field to one or both of these 
waveguides 34, 36. As shown, the electric field is applied by 
means of electrodes applied to the substrate. As illustrated, 
two sets of electrodes are used. A first set of electrodes for 
DC bias nulling operations to maintain the device at the 
desired operating point and a second set for applying the 
radio-frequency (RF) test voltage. The nulling electrodes 
consist of two hot electrodes 142, 142' placed to the outside 
of waveguides 34 and 36 and a ground electrode 144 placed 
between waveguides 34 and 36. Each of the electrodes is 
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about 9 mm long with a 10 ^m gap between the ground and the bias curve of FIG. 10. If the legs are constructed equal 
hot electrodes. The electrodes are typically made of gold and to each other, all of the light emerges as a result of con- 
applied using photolithographic processing. The input elec- structive interference of the light in legs 34, 36. Certainly it 
trodes are about 12 mm long, again with a 10 fim gap. Again is not necessary that the interferometer be constructed so as 
two hot electrodes 35, 35' are placed at the outside of the 5 to operate close to or at the null point A. As is known in the 
waveguide pad 34, 36 while the ground electrode is placed art, a small biasing voltage can be applied to bring the 
between them. One set of electrodes can be eliminated by operating point of the interferometer to the linear operating 
using a bias T arrangement in which both the dc null bias point C. So to with the current invention. A biasing voltage 
voltage and the radio -frequency input voltage use the same can be applied to electrodes 142, 142* to bring the interfer- 
set of electrodes. In this situation a resistor is used in series 1Q ometer to squarer operating point regardless of the symme- 
with the dc bias input and a capacitor is used in series with try of the interferometer legs 34, 36. The slight asymmetric 
the ac input. construction noted above serves mainly to afford an inter- 

Aconventional push-pull electrode arrangement is used to ferometer requiring a minimum biasing voltage, 
apply opposite fields to each of the waveguide paths 34 and In summary and slightly more mathematical terms, the 
36. This causes the refractive index in the one path to Mach-Zehnder interferometer 30 of FIG. 9 works by pro- 
decrease (increasing the speed of light in that path) while ducin S constructive and destructive interference of its light 
decreasing the refractive index in the other path which °*P uL ™* electrodes 35, 35' and 37 on the surface of 
decreases the speed of light. Other electrode arrangements s f slrate 31 in j uce str ° n ?> electnc fields that through the 
may be used as is known by those skilled in the art and electro-optic effect, modulate the phase in each arm of the 
discussed in Wooten, E. L. et al, A Review of Lithium 20 interferometer. Since the electrodes can be arranged in 
Niobate Modulators for Fiber-Optic Communications push-pull operation as shown when light in one arm of the 
Systems, IEEE Journal of Selected Topics in Quantum interferometer undergoes a phase advance, i.e., speeds up, 
Electronics, Vol. 6, No. 1 (January/February 2000). ^ radia J*> h ^f 10 other arm ™dergoes * phase retar- 
• T-T/- m i_ - • 1 ♦ * a u * dation of A(b radians. The net effect is to produce a push-pull 

As seen in FIG. 10, when an increasing electric field is t . , . . c - 4 , T , 

.. , x , tL f4 , , ia ic * c ♦ m differential phase change of 2Aq> radians. In general, the 

applied to one or both of the legs 34, 36 or interferometer 30 25 «j 1 • * * . • • 1 * • u 

,y . . A , , 1 « , j if<\ 4.1 t ■ I* ideal interference transmission char actenstic can be repre- 

(by increasing the voltage to the electrodes 35, 35 ), the light sentec j b 

in each waveguide leg 34 and 36 combines in waveguide 38 y * 

with varying amounts of destructive interference. For 

example, at 0 radians (point A), the light in one leg is p o = p\\ _ CO s(— ) 1 

completely out of phase with the light in the other leg so that 30 L 2 J 
on recombination in waveguide 38, the light in the two paths 

completely cancel each other and no light is emitted from where Pi ^ me optical power input to the modulator and P 0 

waveguide 38. This is referred to as destructive interference. ^ tne optical power output and A<J> is the differential phase 

As the voltage increases (or decreases), a portion of the light modulation index. This characteristic is also known as the 

begins to emerge from waveguide 38 and increases to a 35 "cosine-squared curve" or "bias characteristic", 

maximum B at about 3.14 radians (ji radians) where the light jh e cosine -squared characteristics of a Mach-Zehnder 

in both waveguides 34, 36 is completely in phase and the interferometer "squarer" biased at null approximates to the 

output is said to subject to constructive interference. The ^ 2 /s t for small modulation depth m=A<(>. The cosine 

voltage change to move from complete destructive interfer- squared curve can also be compared to the perfect square 

ence to complete constructive interference, that is, from an 40 Bessel coefficient [J 2 (A<|))] 2 . FIGS. 11 and 12 show plots of 

intensity minimum to an intensity maximum is referred to as me interferometer A<|> 2 /8 term as compared to the perfect 

"V„". At the intensity minimum A, all of the light is lost to square Bessel coefficient [J 2 (A<(>)F and the error between 

the substrate 31 while at the maximum B, all of the light them. In FIG. 11, the modulator square response (lower plot 

emerges through waveguide 38. Midway between the w itti diamond data points) is compared with the perfect 

minima and maxima, is the so-called phase-quadrature point 45 S q Ua re Bessel coefficient [J 2 (A4>)] 2 (upper plot with square 

C where half of the light is lost to the substrate 31 and the data p 0 i nts ). i n FIG. 12, the percent error is shown versus the 

other half emerges from waveguide 38. Since the curve is modulation depth, that is, as the interferometer moves away 

essentially linear at the midpoint C, i.e., the phase- from operation at the null point of total destructive interfer- 

quadrature point, this point is chosen as the operating point e nce. As is apparent, if the radio-frequency (RF) input 

or "bias'Tor essentially all electro-modulators in use today. 50 voltage and the modulation depth A<f> remain small, i.e., 

Unlike conventional wisdom which teaches the quadra- A(|><0.1 radians, the error in the squaring function can be 

ture point as the desired point of operation, the present maintained to less than 0.1%. Moreover this accuracy can be 

invention features an interferometer working at the non- improved by the use of self-calibration techniques to be 

linear optimum or minimum points A or B with the mini- discussed below. 

mum point A being the preferred point of operation. That is, 55 FIGS. 13-15 illustrate further the operation of the electric 

the current invention operates as a "squarer" rather than the potential-light-voltage converter 70 of FIG. 1. In FIG. 13, 

usual preferred linear mode of operation. the upper trace 300 is formed by applying a 10 kHz voltage 

To this end and as shown in FIG, 9, the integrated to the bias electrodes 142, 142' and 144. With the DC bias 

Mach-Zehnder interferometer of the current invention was adjusted for linear quadrature (point C in FIG. 10), the lower 

designed with a small amount of asymmetry, i.e., waveguide 60 trace 302 is the amplified signal obtained from the optical 

34 is slightly longer than waveguide 36 to place the intrinsic receiver 40. Of course, at the peak of the curve 300, the input 

or natural bias point close to the central null. That is, light voltage is at its greatest value causing the greatest destruc- 

passing through legs 34 and 36 of the interferometer will tive interference and the corresponding minimum trough on 

destructively interfere with each other so that no light the lower output trace 302, i.e., the optical output is at a 

emerges from waveguide 38 prior to (without)the applica- 65 minimum giving rise to the lowest output voltage at the 

tion of a voltage to the interferometer electrodes. That is, the optical receiver. As evident, traces 300 and 302 vary linearly 

intrinsic or normal operating point is at point A as shown on with each other. In FIG. 14, the lower trace 304 corresponds 
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to the input 10 kHz AC voltage. In this case, however, the circuit 60. The optical receiver uses a high speed indium 

operating point is set to the null point (point A in FIG. 10). gallium arsenide photodiode (FD300 from Fermionics Opto- 

The output trace 306 is doubled to 200 kHz as a result of the Technology, Simi Valley, Calif.) typical of photodiodes used 

squaring function of the electro-optical modulator 30. In for high speed analog and digital communications systems, 

looking at FIG. 10 it is seen that when operating at the 5 An AD795 trans-impedance amplifier is used to amplify the 

quadrature point C, the output light continues to decrease as s j gna i a f ter wn i ch n j s passed to the averager circuit which 

the voltage increases until the peak is reached after which ^ based 0Q an IC chip SPSTdg211bdj connected in a typical 

the voltage decreases and the light output increases until a low . pass filter arrangement. The output is passed to an 

voltage trough is reached. That is, the voltage wave merely kverse raliometic circuit which utilizes ^ IC multiplier 

moves up and down the linear portion of the FIG. 10 curve 1Q a[ wkh opn3 tQ obtain {h& desifed 

when operating at the quadrature poin However when wh{ch fe ^ coDtro , ^ ^ driyer ^ {n ^ 

operatmg at null point A, the input voltage initially falls . r . . . fr t 4U i . 

giving rise to increasing light output as constructive inter- inverse thal 1S ' as the input voltage to the electro- 

ference increases. However, as the input voltage turns optic modulator increases, voltage in line 62 reduced the 

negative, the low at the null point A is reached and the intensit V of the b S ht m proportion to the voltage 

function turns upward (becoming more positive) even as the 15 a PPti ed 10 the electro-optic modulator 30. 

input voltage continues to become more negative. In effect, The device 10 of the current invention is typically pre- 

the output light increases and decreases twice (two cycles, calibrated at the factory using accurate voltage and fre- 

one on each side of null point A, i.e., sides x and y) as the quency sources. At incremental frequencies, e.g., 100 Hz, 1 

input voltage cycles only once. FIG. 15 illustrates the kHz, and 10 kHz, the voltage is swept over the desired range, 

situation when the operating point is not quite at the null 20 e.g., 1 mV to 1000V, and the output value is compared with 

point. Here, as in FIG. 14, the input voltage is given on lower the input value and suitable corrections stored in a lookup 

trace 308 and the output from the optical receiver 40 is given table for use with computer 100. The values are normalized 

by the upper trace. In a simplistic view, because the oper- to the response at, e.g., 1 kHz. This frequency is referred to 

ating point is no longer at null point A, one of the two cycles as the pivot frequency. 

resides for a greater time on one side of null point A than the 25 As seen in FIG. 17, the heart of the AC calibration source 

other. As a result, the output climbs to a higher output level is oscillator 112. The output is connected to a commercially 

on one side of null point A than the other. Actually the available root-mean-square (RMS) converter 117. The DC 

situation is more complex in that both fundamental and even output of the RMS converter is compared to a stable 

harmonic components are produced in the optical receiver reference source 116 with control loop amplifier 115. The 

output when the operating point is not precisely located at 30 output of control amplifier 115 is connected to multiplier 

the null. To a first approximation, the null point can be 114. The other input of the multiplier is connected to the 

located by adjusting the bias voltage until the adjacent output of oscillator 112. In this configuration, the multiplier 

output peaks from a test AC signal are equal. More sophis- is in the feedback loop of the oscillator 112 and affects the 

ticated methods can be used to determine and set the null feedback resistance, thus the gain. This results in stabilizing 

point such as by taking the average value of alternate peaks 35 the RMS output of the oscillator to equal the stable DC 

and comparing the difference, applying an incremental DC reference voltage. 

bias voltage and repeating the process until the null is In the primary mode, a fixed voltage and frequency output 

reached. is provided. In the second mode, the output of the DC 

Referring to FIG. 9, input light 22 is directed from the reference source can be adjusted by a digital trimmer 118. 

light source 20 (FIG. 1) to the electro-optic modulator 30 by 40 Control amplifier 115 automatically regulates the oscillator 

means of a polarizing maintaining optic input fiber 27. output to match the DC reference source voltage level. 

Optical fiber 27 is secured in a fiber carrier 41 and angle cut Resistor and capacitor components that make up the fre- 

to minimize back-reflections from the fiber 27 to substrate quency of oscillator 112 can be modified to change the 

31 interface. The ends of the carrier 41 and the electro -optic frequency from 100 Hz and 1 kHz to 10 kHz. Attenuator 113 

modulator substrate 31, that is, the lithium niobate crystal 45 divides the output to lower voltage levels to allow automatic 

are polished to an optical finish. The fiber carrier is then generation of lookup tables for more than one range, 

glued to the end of the substrate with a UV-curable epoxy. The high accuracy AC source 110 also functions as a 

An optic fiber 29 is attached to the substrate by means of multi-function AC calibrator. During the primary stable 

carrier 43 in a fashion similar to that used to attach input reference function, a fixed output voltage is fed to the 

fiber 27. Because optical receivers are not polarization 50 electro-optical squarer 30. Its primary function is to provide 

sensitive to any significant degree, the output fiber can be of a stable AC reference measurement interlaced with every 

the lower-cost single mode (SM) variety. measurement reading of the unknown input signal. A cor- 

Tvpicall v the electro-optic modulator is mounted on a rection is then applied to an internal lookup table that 

small printed circuit Jio.ard J^ch) 8 8 which in turn is mounted characterizes the system behavior. 

to a closed or sealed hou sing 80. Because the bias required 55 The AC source 110 is designed to be extremely stable over 

i to maintain the electro-optical squarer at its optimum null time, but is not necessarily accurate. The value of the AC 

bias point is a function of temperature, the squarer 30 is source has been calculated by digitizing the output with a 

maintained in an oven like enclosure that is maintained at a high speed 16-bit ADC 102 controlled by micro controller 

temperature of about 38±2° C. Heaters 82 are provided 106. A fixed amount of multiple periods are digitized for 

within housing 80 and are used in conjunction with a 60 optimal accuracy. The 16-bit ADC 102 is capable of accu- 

thermistor 88 and a heater controller 84 to maintain the racy levels of 15 ppm. Calibration of ADC 102 is done with 

optical modulator at a constant temperature. A 50 Q surface high accuracy, self-calibrating, 24-bit ADC 104 controlled 

mount resistor is placed in parallel with the electrodes to by micro controller 106. Both ADCs 102,104 will measure 

provide the correct termination and govern the input imped- internal DC reference sources 116. An internal digital trim- 

ance of the device and its power dissipation limitations. 65 mer 118 allows for a variable output of the AC source. In this 

FIG. 16 provides further details as to the circuits for mode two things occur: The exact AC RMS voltage is 

optical receiver 40, averager 50, and the inverse ratiometic determined with 16 bit ADC 102. The output of the AC 
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source is connected to the input of the Electro-Optical True 
RMS Converter and its DC output is measured with ADC 
104. A correction factor is calculated for each AC input level 
and is stored in system memory 100. 

The RMS value of the unknown voltage is measured by 5 
operating the instrument sequentially in three modes: (a) 
Null Mode, (b) Calibration Mode and (c) Measure Mode. In 
the null mode, a DC voltage plus a small AC signal, about 
10 mV at a frequency of 1 kHz, is applied to the electrodes 
142, 142' and 144 (see FIG. 9). The electrical output of the 10 
detector 40 (FIG. 1) is measured. The DC voltage level is 
adjusted to obtain the maximum signal output from the 
detector 40 at the second harmonic, 2 kHz, of the small AC 
input 1 kHz signal. The DC drift of the optical squarer from 
the null point is compensated during the Calibration and 15 
Measure modes. The optical squarer DC drift characteristics 
is predetermined and a time varying voltage is applied to the 
optical squarer to oppose the effect of the DC drift. 

In the Calibration mode, an AC calibration source is 
applied to the Electro -Optical True RMS Converter 30. The 20 
AC calibration source operates at the pivot frequency of 1 
kHz. The voltage amplitude of the AC source is varied from 
10 mV to 100 mV in steps of 10 mV. The response of the 
instrument, V OM/ , is measured and stored in a lookup table. 
In the Measurement mode, the unknown AC voltage is 25 
connected to the optical squarer and the response of the 
instrument, V QUt , is measured. This value is compared to the 
stored values in the look up table and a correction factor is 
applied to the measured value of the unknown voltage. This 
calculated value is multiplied by a second correction factor 30 
due to the frequency of the unknown voltage. The frequency 
of the unknown AC voltage is measured using a frequency 
counter. The lookup table created in the factory is looked up 
to find the correction factor and the true RMS value of the 
unknown voltage is displayed. Additional explanation of 35 
calibration techniques can be found in U.S. Pat. No. 5,440, 
113, U.S. Pat. No. 5,317,443, U.S. Pat. No. 5,003,624, U.S. 
Pat. No. 5,012,181 and U.S. Pat. No. 4,859,936 all of which 
are incorporated herein by reference as if completely written 
herein. 40 

It is possible that changes in configurations to other than 
those shown could be used but that which is shown is 
preferred and typical. Without departing from the spirit of 
this invention, various equivalent alternate components may 
be used. It is therefore understood that although the present 45 
invention has been specifically disclosed with the preferred 
embodiment and examples, modifications to the design 
concerning components and their interconnection will be 
apparent to those skilled in the art and such modifications 
and variations are considered to be equivalent to and within 50 
the scope of the disclosed invention and the appended 
claims. 

It is therefore understood that although the present inven- 
tion has been specifically disclosed with the preferred 
embodiment and examples, modifications to the design 55 
concerning sizing and shape will be apparent to those skilled 
in the art and such modifications and variations are consid- 
ered to be equivalent to and within the scope of the disclosed 
invention and the appended claims. 

We claim: 60 
1. An opto -electric device for measuring the root mean 
square value of an alternating current voltage comprising: 
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a) an electric fie Id -o-light- to -voltage converter compris- 
ing: 

1) a light source; 

2) an electro-optic material: 

(a) receiving light from said light source; 

(b) modulating said light; and 

(c) providing a modulated light output; 

3) an electric field applied to said electro-optic crystal 
to modulate said light from said light source to 
produce said modulated light output; 

b) an optical receiver for receiving and converting said 
modulated output light from said electro -optic material 
to a first voltage that is proportional to a square of said 
electric field applied to said electro-optic material; 

c) anaverager circuit receiving said first voltage and 
providing a second voltage that is proportional to the 
average of said square of said electric field over a 
period of time; and 

d) an inverse ratiometric circuit receiving said second 
voltage from said averager circuit and returning a third 
voltage that is an inverse voltage of said second voltage 
to said electric field-to-light-to-voltage converter to 
produce an output voltage that is the root mean square 
voltage of said applied electric field. 

2. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 wherein said electro -optical material is used to 
process said light. 

3. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 2 wherein a Mach-Zehnder-type. interferometer is 
formed in said electro-optic material. 

4. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 further comprising a multiplier circuit for receiving 
said first voltage and said third voltage and providing said 
second voltage for said averager circuit. 

5. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 wherein said electro-optic material is an anisotropic 
lithium niobate crystal. 

6. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 7 wherein a Mach-Zehnder interferometer is formed in 
said lithium niobate crystal. 

7. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 further comprising an environmental container for 
said electro-optical material. 

8. The opto-electric device for measuring the root mean 
square value of an alternating current voltage according to 
claim 1 further comprising an ac calibration circuit for 
applying a known ac potential at a known frequency to said 
electro-optic material. 

9. The opto-electric device for measuring the root mean 
square-value of an alternating current voltage according to 
claim 8 further comprising an ac calibration voltage. 

* * * * * 
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[57] ABSTRACT 

An optical modulator suitable for use in, for example, a 
terminal apparatus in an optical communication system 
when an optical signal is modulated has a power splitting 
unit for splitting a power of an incident light into two split 
lights, a first intensity modulating unit for performing an 
intensity modulation on one of the split Lights split by the 
power splitting unit and outputting an intensity-modulated 
optical signal containing a direct current component, an 
optical phase shifting unit for performing a phase shift on the 
other of the split lights split by the power splitting unit such 
that the light has a phase opposite to that of the intensity- 
modulated optical signal, and a direct current component 
suppressing unit for making the intensity-modulated optical 
signal and the light subjected to the phase shift interfere with 
each other to suppress the direct current component con- 
tained in the intensity-modulated optical signal and output- 
ting the intensity-modulated optical signal, thereby obtain- 
ing the modulated optical signal with a high extinction ratio 
although being driven at a low voltage. 

11 Claims, 16 Drawing Sheets 
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OPTICAL MODULATOR AND AN OPTICAL 
MODULATING METHOD 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 

The present invention relates to an optical modulator and 
an optical modulating method suitable for use when an 
optical signal is modulated in, for example, a terminal 
apparatus in an optical communication system. 

(2) Description of Related Art 

In recent years, it is required to transmit an enormous 
volume of information, with development of a highly 
information -oriented society. As means for transmitting such 
an enormous volume of information, there are used optical 
communication systems transmitting information as optical 
signals. 

In the optical communication system, a higher transmis- 
sion speed is required year after year since a modulation rate 
of signals is increased more and more. For this, optical 
devices of an optical waveguide type such as external 
modulators or the like for high-speed modulation of signals 
are used in various places. 

In the optical modulator used in such an optical commu- 
nication system, there are expectation for a higher modula- 
tion rate and a demand for a lower voltage used to drive the 
optical modulator in order to decrease a size of a chip of the 
optical modulator. Namely, there is a demand for an optical 
modulator which can modulate light at a high-rate and can 
be driven at an extremely low voltage. 

In order to drive a known optical modulator at a low 
voltage, there are assumed two manners. Namely, the modu- 
lator is driven at a low voltage [Vq-Vj shown in FIG. 16(a)] 
in the vicinity of 0 output of an output light power as shown 
in FIG. 16(a), or the modulator is driven at a low voltage 
[Vo'-Vj 1 shown in FIG. 16(6)] in a portion where a slope of 
the output light power is the steepest, as shown in FIG. 
16(b). 

However, when the known optical modulator is driven at 
a low voltage in the vicinity of 0 output of the output optical 
power, it is impossible to obtain a large modulated optical 
signal since the output optical power is a sine wave 
waveform, as shown in FIG. 16(a), When such the modu- 
lated optical signal is used in the optical communication 
system, information in the optical signal is lost because of 
degradation of the optical signal waveform upon transmis- 
sion. 

On the other hand, when the optical modulator is driven 
at a low voltage in a portion where the slope of the output 
optical power is the steepest, an extinction ratio is degraded 
since a direct current light [indicated by reference character 
d in FIG. 16(b)] is superimposed on the modulated optical 
signal although a large modulated optical signal can be 
obtained, as shown in FIG. 16(b). 

SUMMARY OF THE INVENTION 

In the light of the above problems, an object of the present 
invention is to provide an optical modulator and an optical 
modulating method, which can yield a modulated optical 
signal of a high extinction ratio although the modulator is 
driven at a low voltage. 

The present invention therefore provides an optical modu- 
lator comprising a power splitting unit for splitting a power 
of an incident light into two split lights, a first intensity 
modulating unit for performing an intensity modulation on 
one of the split lights split by the power splitting unit and 
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outputting an intensity-modulated optical signal containing 
a direct current component, an optical phase shifting unit for 
performing a phase shift on an optical phase of the other of 
the split lights split by the power splitting unit such that the 

5 split light has a phase opposite to that of the intensity- 
modulated optical signal, and a direct current component 
suppressing unit for making the intensity-modulated optical 
and the light subjected to the phase shift by the optical phase 
shifting unit interfere with each other to suppress the direct 

10 current component contained in the intensity-modulated 
optical signal. 

The power splitting unit may split the incident light such 
that a power of the other split light is equal to the direct 
current component contained in the intensity-modulated 
15 optical signal. 

Alternatively, the power splitting unit may split the inci- 
dent light such that a power of the other split light is equal 
to the maximum level of the intensity-modulated optical 
signal. 

20 Still alternatively, the power splitting unit may split the 
incident light such that a power of the other split light is an 
optical power intermediate between the maximum level of 
the intensity-modulated optical signal and the direct current 
component. 

The power splitting unit, the first intensity modulating 
unit, the optical phase shifting unit and the direct current 
component suppressing unit may be integrally formed using 
optical waveguide elements formed on an optical substrate, 

30 At this time, the optical phase shifting unit may be an 
optical waveguide on the optical substrate, an optical path 
length of which is so adjusted that the other of the split lights 
split by the power splitting unit has a phase opposite to that 
of the intensity-modulated optical signal. 

35 The optical phase shifting unit may perform a phase 
modulation on an optical phase of the other of the split lights 
split by the power splitting unit. 

The second intensity modulating unit for performing the 
intensity modulation on the other of the split lights split by 

40 the power splitting unit and the optical phase shifting unit 
may be integrally formed. 

The present invention further provides an optical modu- 
lator comprising a power splitting unit for splitting a power 
of an incident light into two split lights, a modulating unit for 

45 performing an intensity modulation and a phase modulation 
on one of the split lights split by the power splitting unit, and 
outputting an optical signal containing a direct current 
component, an optical phase shifting unit for performing a 
phase shift on an optical phase of the other of the split lights 

50 split by the power splitting unit such that the light has a 
phase opposite to that of the above optical signal from the 
modulating unit, and a direct current component suppressing 
unit for making the optical signal from the modulating unit 
and the light subjected to the phase shift by the optical phase 

55 shifting unit interfere with each other to suppress the direct 
current component contained in the optical signal from the 
modulating unit, and outputting the optical signal. 

The present invention still further provides an optical 
modulating method comprising the steps of, when a light 

60 propagated through an optical waveguide formed on a 
birefringent substrate is modulated and outputted, splitting 
an incident light into two split lights, performing an intensity 
modulation on one of the split lights containing a direct 
current component, while performing a phase shift on an 

65 optical phase of the other of the split lights such that the light 
has a phase opposite to that of an optical signal subjected to 
the intensity modulation, and making the intensity- 
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modulated optical signal and the light subjected to the phase FIG. 10 is a schematic diagram showing a structure of an 

shift to suppress the direct current component contained in optical modulator according to a second embodiment of this 

the intensity-modulated optical signal, and outputting the invention; 

intensity-modulated optical signal. FIG. 11 is a diagram for illustrating an operation of the 

According to the optical modulator and the optical modu- 5 optical modulator according to the second embodiment of 

lating method of this invention, an intensity-modulated m ^ invention; 

optical signal which is one split light obtained by splitting a „ in 1 * . ' f .„ . u . f . 

power of an incident light and a light subjected to a phase ™ " » a dugram for il ustratuig the operation of the 

shift which is the other split light are made interfere with °P Ucal modulator according to the second embodiment of 

each other to suppress a direct current component contained 10 mis lDventl0D > 

in the in tensity- modu la ted optical signal, and the intensity- FIGS. 13(a) through 13(c) are diagrams for illustrating 

modulated optical signal is outputted. Whereby, it is possible the operation of the optical modulator according to the 

to obtain a modulated optical signal with a high extinction second embodiment of this invention; 

ratio while the optical modulator is driven at a low voltage, fig. 14 is a schematic diagram showing a structure of an 

which leads to a decrease in scale of a chip of the optical optical modulator according to a first modification of the 

modulator. second embodiment of this invention; 

The optical phase shifting unit performs a phase modu- FIG. 15 is a schematic diagram showing a structure of an 

lation on an optical phase of the other of the split lights split {cal modulator according to a second modification of the 

bythepowersphtn^ secQnd embodiment of this and 

contained in the intensity-modulated optical signal can be v j ^ /f v r .„ 

suppressed more effectively. 20 FIGS ' 16 < fl ) and 16 ( fo ) are diagrams for illustrating an 

™, i . . . i . . - - tU operation of a known optical modulator. 

The second intensity modulating unit for performing the ^ r 

intensity modulation on the other of the split lights obtained DESCRIPTION OF THE PREFERRED 

by splitting a power of the incident light by the power EMBODIMENTS 

splitting unit and the optical phase shifting unit are integrally < 

formed so that the second intensity modulating unit can vary 25 u .Hereinafter, description will be made of embodiments of 

an intensity of the split light. Accordingly, the optical *f invention with reference to the drawings, 

modulator can be driven in a state of an arbitrary modulation (a) Description of a First Embodiment 

or at an arbitrary minute voltage, with a high extinction ratio. } ' 1 1S , a schematic diagram showing a structure of an 

„, . . , , , , it _ , . t . .. r optical modulator according to a first embodiment or this 

The optical modulator has the modulating unit for per- 30 * ^ 

forming .he intensity modulation and the phase modulation ,n ™ ™ ^ mQ l isnsedis an 

on the other of the split lights split by the power splitting f for moduUti , u h , emiUed 

portion and outputting an optical signal containing a direct . ■ i i- u* u ■ j . i 

* 4 * T f * iu * ui * fu from a signal light source such as a semiconductor laser or 

current component. It is therefore possible to suppress the . .„ . to r b , t . # - u ... 

, . i • j • .l ■ * * * the like in, for example, a transmitting unit of an ultra-high- 

direct current component contained in the intensity- , A J \ • » 

, , 4 , 4 . , ■ , cc i l 35 speed optical communication system, 

modulated optical signal more effectively since the modu- * \. . . , - , . . , , 

. 4 . . * -| J* * . ; c u *■ ft. An optical waveguide 2 and an intensity modulating unit 

lating unit complementanly adjusts a state ot phases or the . c r , u * + 1* p *u • ■ i ji, 

tw s lit li hts re ^ ormec ^ on a SUDSU "ate 1 to form the optical modulator 

jq } m wn ich a light propagated through the optical 

BRIEF DESCRIPTION OF THE DRAWINGS waveguide 2 is modulated and emitted. 

FIG. 1 is a schematic diagram showing a structure of an « The substrate 1 has an electrooptic effect. As the substrate 

optical modulator according to a first embodiment of this 1, a lithium niobate substrate whose crystal structure is cut 

invention- * n tne Z " ax i s direction (Z-cut LiNb0 3 substrate) is used. 

FIG. 2' is a diagram for illustrating an operation of the The optical waveguide 2 is configured with an input 

optical modulator according to the first embodiment of this waveguide 2-1, intermediate waveguides 2-2 and 2-3 and an 

invention* 45 0Ut P ut waveguide 2-4. The intermediate waveguides 2-2 and 

FIG. 3 is a diagram for illustrating a first mode of the 2 " 3 are «> nnectod }° P?f el waveguide 2-1 and 

operation of the optical modulator according to the first «be output wavegmde 2-4 via a Y-shaped splitting portion2A 

embodiment of this invention; and a Y^haped recombmmg port.on 2B 

a/ \ .l l. j- f -ii . ,u The Y-shaped splitting unit 2A splits a power of an 

FIGS. 4(a) through 4(d) are digrams for illustrating the 5Q ^ (wo ^ whjch M a 

first mode of the operation of the optical modulator accord- * ^ According t0 the first embodiment, the 

me to the first embodiment ot this invention; t, . , ~ A „ Vt „ t . • -i„„ t i- . « 

& . - - Y-shaped splitting unit 2 A equally splits the incident light 

FIG. 5 is a diagram for illustrating a second mode of the from the inpm waveguide 2 -l, 

operation of the optical modulator according to the first ^ iatensity mo dulating unit 3 has an optical waveguide 

embodiment of this invention; S5 3C of a m^,^^ typej a travelling-wave electrode 3A 

FIG. 6 is a diagram for illustrating the second mode of the and a groun ding electrode 3B, which is formed in a part of 

operation of the optical modulator according to the first either the intermediate waveguide 2-2 or 2-3 (the interme- 

embodiment of this invention; d i ate waV eguide 2-2 in FIG. 1). 

FIG. 7 is a diagram for illustrating a third mode of the The intensity modulating unit 3 has a function similar to 

operation of the optical modulator according to the first 60 that of known optical modulators of a Mach-Zehnder type, 

embodiment of this invention; According to the first embodiment, the intensity modulating 

FIG. 8 is a diagram for illustrating the third mode of the unit 3 is driven at a low voltage [V 0 '-V a ' shown in FIG. 

operation of the optical modulator according to the first 16(b)] in a portion where the slope of the output optical 

embodiment of this invention; power is the steepest, as shown in FIG. 16(b) mentioned 

FIG. 9 is a schematic diagram showing a structure of an 65 above. When the intensity modulating unit 3 is driven at a 

optical modulator according to a modification of the first low voltage in a portion where the slope of the output optical 

embodiment of this invention; power is the steepest, a direct-current light [reference 
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numeral d in FIG. 16(6)] is superimposed on the optical lights of equal power by the Y-shaped splitting portion 2 A 
signal whose intensity has been modulated, as described when the optical modulator 10 modulates the light propa- 
before. Therefore, the optical signal whose intensity has gated through the optical waveguide 2 formed on the sub- 
been modulated is outputted in a state where the optical strate 1 and outputs it. 

signal contains a direct-current light component from the 5 Following that, one of the split lights containing a direct 

intensity modulating unit 3 [refer to FIGS, 3(a) and 5]. current component split by the Y-shaped splitting portion 2A 

Namely, the intensity modulating unit 3 performs an is subjected to the intensity modulation by the intensity 

intensity modulation on one of the split lights split by the modulating unit 3 when propagated through the intermediate 

Y-shaped splitting portion 2A, and outputs an intensity- waveguide 2-2. On the other hand, the other of the split 

modulated optical signal containing a direct current com- to lights split by the Y-shaped splitting portion 2A is subjected 

ponent as a noise component, which functions as a first to the phase shift such as to have a phase opposite to that of 

intensity modulating unit. the optical signal subjected to the intensity modulation when 

A metal such as titanium (Ti) or the like in thickness of propagated through the intermediate waveguide 2^3 whose 
about 900 A is evaporated on a surface of the substrate 1, optical path length has been adjusted, 
patterns are formed by photolithography and etching, and 15 As shown in FIG. 2, the intensity-modulated optical 
left for eight hours in oxygen at a high temperature of, for signal propagated through the intermediate waveguide 2-2 is 
example, 1000° C. to difiuse the metal such as Ti or the like indicated by (l), whereas the light subjected to the phase 
into the substrate 1, whereby the optical waveguides 2 and shift propagated through the intermediate waveguide 2-3 is 
3C are formed. A width of the patterns of the optical indicated by (2). An output waveform of the intensity- 
waveguides is about 7 /«n. The input waveguide 2-1 and the 20 modulated optical signal and an output waveform of the 
output waveguide 2-4 are single-mode waveguides. light subjected to the phase shift are shown in FIG. 3. A 

The travelling-wave electrode 3 A and the grounding relation between the output waveform of the intensity - 

electrode 3B are formed by evaporating a metal such as gold modulated optical signal and a driving voltage, and a rela- 

(Au) or the like on the optical waveguide 3C. The travelling- tion between the output waveform of the light subjected to 

wave electrode 3A and the grounding electrode 3B are 25 the phase shift and the driving voltage are shown in FIGS, 

connected to a driving circuit not shown. The travelling- 4(a) and 4(6), respectively. 

wave electrode 3A and the grounding electrode 3B are One of the split lights split by the Y-shaped splitting 

applied thereto a voltage according to an input signal portion 2 A is subjected to the intensity modulation in a state 

(modulating signal) from the driving circuit to vary a where the split light contains a direct current component 

refractive index of the optical waveguide 3C, thereby modu- 30 (refer to a reference character d) as shown in ® i Q F! G - 3, 

lating a direct-current light inputted from a semiconductor On the other hand, the other of the split lights split by the 

laser (not shown) via the inputting waveguide 2-1 and the Y-shaped splitting portion 2A is subjected to the phase shift 

intermediate waveguide 2-2. such that only an optical phase of which is opposite to that 

The intermediate waveguide 2-3 propagates the other of of the above intensity-modulated optical signal although an 

the split lights split by the Y-shaped splitting unit 2A. 35 intensity of which remains the same, as shown in @ in FIG. 

According to the first embodiment, an optical path length of 3. Incidentally, (2) in FIG. 3 does not show the shift of the 

the intermediate waveguide 2-3 is adjusted such that an optical phase of the split light executed, 

optical phase of the other split light is opposite to that of the According to the first embodiment, the Y-shaped splitting 

above optical signal subjected to the intensity modulation. portion 2A equally splits the incident light from the input 

Namely, the intermediate waveguide 2-3 shifts an optical 40 waveguide 2-1. Therefore, a power D of one of the split 

phase of the other of the split lights split by the Y-shaped lights split by the Y-shaped splitting portion 2A is equal to 

splitting unit 2 A such that the optical phase of the other split the maximum level B of the intensity-modulated optical 

light is opposite to that of the above intensity-modulated signal outputted from the intensity modulating unit 3, which 

optical signal, which functions as an optical phase shifting is the other of the split lights split by the Y-shaped splitting 

unit. 45 portion 2A (refer to (T) and (2) in FIG. 3). 

The Y-shaped recombining portion 2B recombines the The intensity-modulated optical signal propagated 
two split lights propagated through the intermediate through the intermediate waveguide 2-2 and the light sub- 
waveguides 2-2 and 2-3 and outputs a recombined light. jected to the phase shift propagated through the intermediate 
According to the first embodiment, the Y-shaped recombin- waveguide 2-3 are recombined by the Y-shaped recombining 
ing portion 2B makes the above intensity- modulated optical 50 portion 2B. 

signal and the light whose phase has been shifted interfere At this time, the intensity-modulated optical signal and 

with each other so as to suppress the direct current compo- the light subjected to the phase shift interfere with each other 

nent contained in the above intensity-modulated optical at the Y-shaped recombining portion 2B so that an optical 

signal, and outputs it. Namely, the Y-shaped recombining signal whose direct current component contained in the 

portion 2B functions as a direct current component sup- 55 intensity-modulated optical signal is suppressed is outputted 

pressing unit. therefrom. 

In the optical modulator 10 according to the first In FIG. 2, the optical signal recombined at the Y-shaped 
embodiment, the Y-shaped splitting unit 2A as the power recombining portion 2B and outputted to the output 
splitting unit, the intensity modulating unit 3 as the first waveguide 2-4 is indicated by (3), and an output waveform 
intensity modulating unit 3, the intermediate waveguide 2-3 60 of the optical signal is shown in FIG. 3. 
as the optical phase shifting unit and the Y-shaped recom- According to the first embodiment, since the power D of 
bining unit 2B as the direct current component suppressing one of the split lights split by the Y-shaped splitting portion 
unit are integrally formed using optical waveguide elements 2A is equal to the maximum level B of the intensity- 
formed on the optical substrate 1. modulated optical signal outputted from the intensity modu- 

In the optical modulator 10 according to the first embodi- 65 lating unit 3, which is the other of the split lights split by the 

ment of this invention with the above structure, the incident Y-shaped splitting portion 2A, and phases of the two split 

light from the input waveguide 2-1 is split into two split lights are shifted 180° from each other as shown in .(T) and 
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@ in FIG. 2, an optical signal whose phase is opposite to 
that of the intensity-modulated optical signal and whose 
direct current component contained in the above intensity- 
modulated optical signal is suppressed is outputted to the 
output waveguide 2-4 as shown in (5) in FIG. 3. 5 

Namely, when the power D of one split light is equal to 
the maximum level B of the intensity-modulated optical 
signal and a phase difference between the two split lights at 
a driving voltage V 0 [refer to FIG. 4(a)] is Jt, an intensity F 
of the optical signal recombined by the Y-shaped recombin- 1Q 
ing portion 2B and outputted is determined through an 
equation (1). In the equation (1), C represents the minimum 
level of the intensity-modulated optical signal. The intensity 
F of the optical signal so determined is shown in FIG. 4(c). 

F=|amplitudc of C (containing phasc)+amplitudc of Dj 2 (3) 15 

Since an optical path length of the intermediate 
waveguide 2-3 is adjusted in the first embodiment, it is 
possible to eliminate an offset of the optical wavelength 
corresponding to the driving voltage V 0 in the intensity 
modulating unit 3. Accordingly, the driving voltage can be 20 
0 to (Vq-Vj), as shown in FIG. 4(d). 

The optical signal whose direct current component is 
suppressed by the Y-shaped recombining portion is output- 
ted through the output waveguide 2-4. 

In the optical modulator 10 according to the first erabodi- 25 
ment of this invention, the intensity-modulated optical sig- 
nal from the intensity modulating unit 3 and the light 
subjected to the phase shift when propagated through the 
intermediate waveguide 2-3 interfere with each other to 
suppress the direct current component contained in the 30 
intensity-modulated optical signal, and outputted. 
Consequently, it is possible to obtain a modulated optical 
signal with a high extinction ratio while the optical modu- 
lator is driven at a low voltage, and decrease a scale of a chip 
of the optical modulator. 35 

When the optical modulator 10 according to the first 
embodiment is used in a transmitting unit of an optical 
communication system, a relation between an insertion loss 
and a driving voltage of the optical modulator 10 is trade-off. 
For this, only if the insertion loss of the optical modulator 10 40 
is permitted, it is possible to provide the optical modulator 
with a high extinction ratio which can be driven at an 
extremely low driving voltage. In the optical communication 
system, it is possible to amplify a light extremely efficiently 
at present so that there is a great room for permission of the 45 
insertion loss of the optical modulator 10. 

In the description of the first embodiment, the Y-shaped 
splitting portion 2 A equally splits the incident light from the 
input waveguide 2-1 such that the power D of the split light 
propagated through the intermediate waveguide 2-3 is equal 50 
to the maximum level B of the intensity-modulated optical 
signal outputted from the intensity modulating unit 3. 
Alternatively, the Y-shaped splitting portion 2Amay split the 
incident light from the input waveguide 2-1 such that the 
power D of the split light propagrated through the interme- 55 
diate waveguide 2-3 is equal to the direct current component 
C contained in the intensity-modulated optical signal out- 
putted from the intensity modulating unit 3. 

FIG. 5 shows an output waveform of the intensity- 
modulated optical signal, an output waveform of the light 60 
subjected to the phase shift and an output waveform of the 
optical signal recombined by the Y-shaped recombining 
portion 2B and outputted therefrom, in the above case. FIG. 
6 shows an intensity F of the optical signal recombined by 
the Y-shaped recombining portion 2B and outputted 65 
therefrom, which is determined through the above equation 



In the above case, as shown in @ and @ in FIG. 5, the 
power D of one of the split lights split by the Y-shaped 
splitting portion 2Ais equal to a direct current component C 
(that is, reference character d described before) contained in 
the intensity-modulated optical signal outputted from the 
intensity modulating unit 3, which is the other of the split 
lights split by the Y-shaped splitting portion 2A, and phases 
of the two split lights are shifted 180° from each other. 
Accordingly, an optical signal whose phase is the same as 
the above intensity modulated optical signal and in which 
the direct current component contained in the intensity- 
modulated optical signal is suppressed as shown in (5) in 
FIG. 5 is outputted to the output waveguide 2-4. 

Still alternatively, the Y-shaped splitting portion 2A may 
split the incident light from the input waveguide 2-1 such 
that the power D of the split light propagated through the 
intermediate waveguide 2-3 is an optical power intermediate 
between the maximum level B of the intensity-modulated 
optical signal outputted from the intensity modulating unit 3 
and the direct current component C. 

FIG. 7 shows an output waveform of the intensity- 
modulated optical signal, an output waveform of the light 
subjected to the phase shift and an output waveform of the 
optical signal recombined by the Y-shaped recombining 
portion 2B and outputted therefrom in this case. FIG. 8 
shows an intensity F of the optical signal recombined by the 
Y-shaped recombining portion 2B and outputted therefrom, 
which is determined through the above equation (1). 

In the above case, as shown in (T) and (2) in FIG. 7, the 
power D of one of the split lights split by the Y-shaped 
splitting portion 2A is an optical power intermediate 
between the maximum level B of the intensity-modulated 
optical signal outputted from the intensity modulating unit 3, 
which is the other of the split lights split by the Y-shaped 
splitting portion 2A, and the direct current component C, 
and phases of the two split lights are shifted 180° from each 
other. Accordingly, the optical signal in which the direct 
current component contained in the intensity-modulated 
optical signal is suppressed is outputted to the output 
waveguide 2-4, as shown in (3) in FIG. 7. 

In the above case, if a driving voltage Vq-V-! is applied to 
the optical modulator 10, it is possible to obtain a double - 
frequency output, as shown in FIG. 8. When the double 
frequency output is detected, it is possible to know that a 
deviation occurs in a setting which equalizes the power D of 
the split light to the maximum level B of the intensity- 
modulated optical signal as in the first embodiment goes 
wrong. Further, it is possible to apply a method for correct- 
ing the deviation. 

(al) Description of a Modification of the First Embodi- 
ment 

FIG. 9 is a schematic diagram showing a structure of an 
optical modulator according to a modification of the first 
embodiment of this invention. An optical modulator 10A 
shown in FIG. 9 is used as an external optical modulator for 
modulating a light emitted from a signal source such as a 
semiconductor laser or the like in, for example, a transmit- 
ting unit of a ultra-high-speed optical communication sys- 
tem. 

A substrate 1, an optical waveguide 2 and an intensity 
modulating unit 3 are similar to those according to the first 
embodiment described above. In the optical modulator 10A 
according to this modification, a phase modulating unit 4 is 
formed in a part of an intermediate waveguide 2-3. 

The phase modulating unit 4 has a linear optical 
waveguide 4C, a travelling-wave electrode 4A and a ground- 
ing electrode 4B. 
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In this modification, the phase modulating unit 4 compli- 
mentarily performs a phase modulation such that an optical 
phase of one of the split lights split by a Y-shaped splitting 
portion 2A is opposite to that of the above intensity- 
modulated optical signal, which functions as a part of the 
optical phase shifting unit. 

The linear optical waveguide 4C is formed similarly to the 
optical waveguide 2 and the optical waveguide 3C in the first 
embodiment. 

The travelling-wave electrode 4A and the grounding 
electrode 4B are also formed similarity to the travelling- 
wave electrode 3A and the grounding electrode 3B in the 
first embodiment. The travelling -wave electrode 4A and the 
grounding electrode 4B are connected to a driving circuit not 
shown. A voltage from the driving circuit is applied to the 
travelling-wave electrode 4A and the grounding electrode 
4B to change an refractive index of an optical waveguide 
4C, thereby modulating a phase of a direct current light from 
a semiconductor laser (not shown) incident through an input 
waveguide 2-1 and an intermediate waveguide 2-2. 

The above optical modulator 10A can give the same 
functions and effects as the optical modulator 10 according 
to the first embodiment. 

The optical modulator 10A according to this modification 
performs the phase modulation such that one of the split 
lights split by the Y-shaped splitting portion 2A has an 
opposite phase with respect to an optical signal subjected to 
the intensity modulation by the phase modulating unit 4 
while propagated through the intermediate waveguide 2-3. 

In the optical modulator 10A, the phase modulating unit 
4 has a function of complementarily adjusting a state of a 
phase of the split light propagated through the intermediate 
waveguide 2-3 so that a direct current component contained 
in the intensity-modulated optical signal can be more effec- 
tively suppressed. 

(b) Description of a Second Embodiment 

FIG. 10 is a schematic diagram showing a structure of an 
optical modulator according to a second embodiment of this 
invention. 

An optical modulator 20 shown in FIG. 10 is used as an 
external optical modulator for modulating a light emitted 
from a signal light source such as a semiconductor laser or 
the like in, for example, a transmitting unit of an ultra-high- 
speed optical communication system. An optical waveguide 
12 and an intensity modulating units 13 and 14 are formed 
on a substrate 11, whereby a light propagrated through the 
optical waveguide 12 is modulated and outputted. 

In the optical modulator 20, the optical waveguide 12 is 
configured with an input waveguide 12-1, intermediate 
waveguides 12-2 and 12-3 and an output waveguide 12-4. 
The i ntermediate waveguides 12-2 and 12-3 are connected^ 
i n parallel^ to th e m inpu t w avcgu^^ 
waveguide ii-4 via a Y^haped~s^ffiin^fp^ 

The Y-shaped splitting portion 12A splits a power of an 
incident light into two split lights, which functions as a 
power splitting unit. 

The intensity modulating unit 13 has an optical 
waveguide 13C of a Macb-Zehnder type, a travelling-wave 
electrode 13A and a grounding electrode 13B, which is 
formed in a part of the intermediate waveguide 12-2. 

The intensity modulating unit 13 performs an intensity 
modulation on one of the split lights split by the Y-shaped 
splitting protion 12A and outputs an intensity-modulated 
optical signal containing a direct current component as a 
noise component, similarly to the intensity modulating unit 
3 according to the first embodiment, which functions as a 
first intensity modulating unit. 
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The intensity modulating unit 14 has an optical 
waveguide 14C of a Mach-Zehnder type, a travelling-wave 
electrode 14 A and a grounding electrode 14B, which is 
formed in a part of the intermediate waveguide 12-3. 

The intensity modulating unit 14 performs the intensity 
modulation on the other of the split lights split by the 
Y-shaped splitting portion 12A and outputs an intensity- 
modulated light (that is, changes a light quantity of the other 
of the split lights split by the Y-shaped splitting portion 
12A), which functions as a second intensity modulating unit. 

The intermediate waveguide 12-3 whose optical path 
length is adjusted performs a phase shift on an optical phase 
of the other of the split lights split by the Y-shaped splitting 
portion 12A such that the other split light has a phase 
opposite to that of the above intensity-modulated optical 
signal, which functions as an optical phase shifting unit. 

In the optical modulator 20, the intensity modulating unit 
14 as the second intensity modulating unit and the interme- 
diate waveguide 12-3 as the optical phase shifting unit are 
integrally formed. 

The Y-shaped recombining portion 12B recombines the 
two split lights propagrated through the intermediate 
waveguides 12-2 and 12-3. According to the second 
embodiment, the Y-shaped recombining portion 12B makes 
the above intensity-modulated optical signal and the light 
subjected to the phase shift and the intensity-modulation 
interfere with each other to suppress the direct current 
component contained in the above intensity-modulated opti- 
cal signal, and outputs it. Namely, the Y-shaped recombining 
portion 12B functions as a direct current component sup- 
pressing unit. 

The substrate 11 and the intensity modulating unit 13 are 
similar to the substrate 1 and the intensity modulating unit 
3 according to the above first embodiment. Further, the 
intensity modulating unit 14 is similar to the intensity 
modulating unit 3 according to the first embodiment. 

The optical waveguide 12 is formed similarly to the 
optical waveguide 2 according to the first embodiment. 

In the optical modulator 20 according to the second 
embodiment, the Y-shaped splitting portion 12A as the 
power splitting unit, the intensity modulating unit 13 as the 
first intensity modulating unit, the intermediate waveguide 
12-3 as the optical phase shifting unit, the intensity modu- 
lating unit 14 as the second intensity modulating unit and the 
Y-shaped recombining unit 12B as the direct current sup- 
pressing unit, mentioned above, are integrally formed using 
optical waveguide elements formed on the optical substrate 
11. 

According to the second embodiment, the Y-shaped split- 
ting portion 12A splits the incident light from the input 
waveguide 12-1 such that the maximum level C of the light 
subjected to the phase shift and the intensity modulation 
outputted from the intensity modulating unit 14 is equal to 
the direct current component (namely, reference character d 
described before) contained in the intensity-modulated opti- 
cal signal outputted from the intensity modulating unit 13. 

In the optical modulator 20 with the above structure 
according to the second embodiment of this invention, when 
the light propagated through the intermediate waveguide 12 
formed on the substrate 11 is modulated and outputted, the 
incident light from the input waveguide 12-1 is split into two 
split lights of equal power by the Y-shaped splitting portion 
12A. 

Following that, one of the split lights split by the Y-shaped 
splitting portion 12A is subjected to the intensity modulation 
by the intensity modulating unit 13 when propagated 
through the intermediate waveguide 12-2 to be an intensity- 
modulated optical signal containing a direct current com- 
ponent. 
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On the other hand, the other of the split lights split by the 
Y-shaped splitting portion 12A is subjected to the phase shift 
so as to have a phase opposite to that of the optical signal 
subjected to the intensity modulation while propagated 
through the intermediate waveguide 12-3 whose optical path 
length is adjusted, and subjected to the intensity-modulation 
by the intensity modulating unit 14, at the same time. 

As shown in FIG. 11, the intensity-modulated optical 
signal propagated through the intermediate waveguide 12-2 
is indicated by (l), whereas the intensity-modulated optical 
signal subjected to the phase shift propagated through the 
intermediate waveguide 12-3 is indicated by (5). FIG. 12 
shows an output waveform of the intensity-modulated opti- 
cal signal, and an output waveform of the intensity- 
modulated light subjected to the phase shift. FIGS. 13(a) and 
13(b) show a relation between the output waveform of the 
intensity-modulated optical signal and a driving voltage, and 
a relation between the intensity-modulated light subjected to 
the phase shift and the driving voltage, respectively. 

One of the split lights split by the Y-shaped splitting 
portion 12A is subjected to the intensity modulation in a 
state where the split light contains the direct current com- 
ponent (refer to reference character d) as shown in (T) in 
FIG. 12. On the other hand, the other of the split lights split 
by the Y-shaped splitting portion 12A is subjected to the 
intensity modulation as shown in (5) in FIG. 12, and 
subjected to the phase shift such that the light has an optical 
phase opposite to that of the above intensity-modulated 
optical signal. 

In the second embodiment, according to a setting of a 
ratio of the split by the Y-shaped splitting portion, the 
maximum level C of the intensity-modulated light outputted 
from the intensity modulating unit 14, which is one of the 
split lights split by the Y-shaped splitting portion 12A, is 
equal to the direct current component B (that is, the mini- 
mum level of the intensity-modulated optical signal, denoted 
by reference character d described before) contained in the 
intensity-modulated optical signal outputted from the inten- 
sity modulating unit 13, which is the other of the split lights 
split by the Y-shaped splitting portion 12A (refer to (T) and 
(2) in FIG, 12). 

Further, the intensity-modulated optical signal propagated 
through the intermediate waveguide 12-2 and the intensity- 
modulated light subjected to the phase shift propagated 
through the intermediate waveguide 12-3 are recombined by 
the Y-shaped recombining portion 12B. 

At this time, the intensity-modulated optical signal and 
the intensity-modulated light subjected to the phase shift 
interfere with each other at the Y-shaped recombining por- 
tion 12B so that an optical signal in which the direct current 
component contained in the intensity-modulated optical 
signal is suppressed is outputted therefrom. 

The optical signal recombined by the Y-shaped recom- 
bining portion 12B and outputted to the output waveguide 
12-4 is indicated by (5) in FIG. 11, and an output waveform 
of the optical signal is shown in FIG. 12. 

According to the second embodiment, the maximum level 
C of the intensity- modulated light outputted from the 
intensity-modulating unit 14, which is one of the split lights 
split by the Y-shaped splitting portion 12A is equal to the 
minimum level B of the intensity-modulated optical signal 
outputted from the intensity modulating unit 13, which is the 
other of the split lights split by the Y-shaped splitting portion 
12A, and phases of the two split lights are shifted 180° from 
each other, as shown in (T) and © in FIG. 12. Accordingly, 
the optical signal having the same phase as the above 
intensity-modulated optical signal and in which the direct 
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current component contained in the above intensity- 
modulated optical signal is suppressed is outputted to the 
output waveguide 12-4, as shown in (5) in FIG. 12. 
Namely, when the maximum level C of the intensity- 

5 modulated light is equal to the minimum level B of the 
intensity-modulated optical signal, and a phase difference 
between the two split lights at the driving voltage Vj [refer 
to FIG. 13(a)] is ji, the maximum level C of the intensity- 
modulated light and the minimum level B of the intensity- 

1Q modulated optical signal cancel each other. 

When a phase difference between the minimum level D of 
the intensity-modulated light and the maximum level A of 
the intensity-modulated optical signal is decreased (namely, 
when a voltage change from the driving voltage V 2 to V 2 is 
synchronized with a voltage change from the driving voltage 

15 V 3 to V 4 ), an intensity F of the optical signal recombined by 
the Y-shaped recombining portion 12B and outputted there- 
from is determined through an equation (2). 

F=|amplitude of A (containing phase)+amplilude of D (containing 
20 Phase)| 2 (2) 

The intensity F of the optical signal determined through 
the equation (2) is shown in FIG. 13(c). As shown in FIG, 
13(c), when the driving voltages V 1 and V 4 are applied at the 
same time, the intensity F of the optical signal becomes the 

25 maximum level. When the driving voltages V 2 and V 3 are 
applied at the same time, the intensity F of the optical signal 
becomes the minimum level (0 level). 

According to the second embodiment, it is possible to 
vary an intensity of the split light by the intensity modulating 

30 unit 14. It is therefore possible to obtain an effect of 
decreasing a difference in phase at the intensity F of the 
optical signal as compared with the first embodiment, which 
can increase the intensity F of the optical signal as a result. 
The optical signal in which the direct current component 

35 is suppressed by the Y-shaped recombining portion 12B is 
outputted through the output waveguide 12-4. 

The optical modulator 20 according to the second 
embodiment of this invention makes the intensity- 
modulated optical signal from the intensity modulating unit 

40 13 and the light subjected to the phase shift and the intensity 
modulation while propagated through the intermediate 
waveguide 2-3 interfere with each other to suppress the 
direct current component contained in the intensity- 
modulated optical signal, and outputs a modulated optical 

45 signal. Therefore, it is possible to obtain a modulated optical 
signal with a high extinction ratio although the optical 
modulator 20 is driven at a low voltage, thus decreasing a 
scale of a chip of the optical modulator. 

Further, it is possible to vary an intensity of the split light 

50 by the intensity modulating unit 14 so that the optical 
modulator can be driven with a high extinction ratio, in an 
arbitrary modulation state or at an arbitrary minute voltage. 
In the second embodiment, the Y-shaped splitting unit 
12A may split the incident light with another different ratio, 

55 as well as the first embodiment. 

(bl) Description of a First Modification of the Second 
Embodiment 

FIG. 14 is a schematic diagram showing a structure of an 
optical modulator according to a first modification of the 

60 second embodiment of this invention. An optical modulator 
20A shown in FIG. 14 is used as an external optical 
modulator for modulating a light emitted from a signal light 
source such as a semiconductor laser or the like in, for 
example, a transmitting unit of a ultra-high-speed optical 

65 communication system. 

A substrate 11, an optical waveguide 12 and an intensity 
modulating units 13 and 14 are similar to those according to 
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the second embodiment described above. In the optical 
modulator 20A according to the first modification, a phase 
modulating unit 15 is formed in a part of an intermediate 
waveguide 12-3. 

The phase modulating unit 15 is similar to the phase 
modulating unit 4 according to the modification of the first 
embodiment, which has a linear optical waveguide 15 C, a 
travelling-wave electrode 15A and a grounding electrode 
15B. 

According to the first modification, the phase modulating 
unit 15 complementarily performs a phase modulation on an 
optical phase of one of split lights split by a Y-shaped 
splitting portion 12A such that the split light has a phase 
opposite to that of an intensity-modulated optical signal, 
which functions as a part of an optical phase shifting unit. 

The optical modulator 20A can give the same functions 
and effects as the above-mentioned optical modulator 20 
according to the second embodiment. 

The optical modulator 20A according to the first modifi- 
cation performs the phase modulation on one of the split 
lights split by the Y-shaped splitting portion 12 A such that 
the split light has a phase opposite to that of an optical signal 
subjected to the above intensity modulation by the phase 
modulating unit 15 while propagated through the interme- 
diate waveguide 12-3. 

In the optical modulator 20A, the phase modulating unit 
15 has a function of complementarily adjusting a state of 
phase of the split light propagated through the intermediate 
waveguide 12-3 so that a direct current component con- 
tained in the intensity-modulated optical signal is suppressed 
more effectively. 

(b2) Description of a Second Modification of the Second 
Embodiment 

FIG. 15 is a schematic diagram showing a structure of an 
optical modulator according to a second modification of the 
second embodiment of this invention. An optical modulator 
20B shown in FIG. 15 is used as an external optical 
modulator for modulating a light emitted from a signal light 
source such as a semiconductor laser or the like in, for 
example, a transmitting unit of a ultra -high -speed optical 
communication system. 

A substrate 11 and an optical waveguide 12 are similar to 
those according to the above second embodiment. Intensity 
modulating units 13' and 14' are similar to the intensity 
modulating units 13 and 14 according to the above second 
embodiment. 

In the optical modulator 20B according to the second 
modification, the intensity modulating unit 13' and a phase 
modulating unit 16 for performing a phase modulation on an 
optical phase of one of the split lights split by a Y-shaped 
splitting portion 12A are integrally formed, whereas the 
intensity modulating unit 14' and a phase modulating unit 17 
for performing a phase modulation on an optical phase of the 
other of the split lights split by the Y-shaped splitting portion 
12 A are integrally formed. 

The intensity modulating unit 13' has an optical 
waveguide 13 C of a Mach-Zehnder type, a travelling-wave 
electrode 13A' and a grounding electrode 13B*. The intensity 
modulating unit 14' has an optical waveguide 14C of a 
Mach-Zehnder type, a travelling-wave electrode 14A and a 
grounding electrode 14B'. 

The phase modulating units 16 and 17 are similar to the 
phase modulating unit 4 according to the modification of the 
first embodiment. The phase modulating unit 16 has a linear 
optical waveguide 16C, a travelling-wave electrode 16Aand 
a grounding electrode 16B, whereas the phase modulating 
unit 17 has a linear optical waveguide 17C, a travelling- 
wave electrode 17A and a grounding electrode 17B. 
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According to the second modification, the phase modu- 
lating unit 17 complementarily performs the phase modu- 
lation on an optical phase of one of the split lights split by 
a Y-shaped splitting portion 12A such that the light has a 
phase opposite to that of an intensity-modulated optical 
signal outputted from the intensity modulating unit 14', 
which functions as a part of an optical phase shifting unit. 

Namely, the optical modulator 20B according to the 
second modification has the Y-shaped splitting portion 12A 
for splitting a power of an incident light into two split lights, 
a modulating unit for performing the intensity modulation 
and the phase modulation on one of the split lights split by 
the Y-shaped splitting portion 12A and outputting an optical 
signal containing a direct current component (the intensity 
modulating unit 13' and the phase modulating unit 16 in the 
second modification corresponding to the modulating unit), 
the optical phase shifting unit for performing the phase shift 
on the other of the split lights split by the Y-shaped splitting 
portion 12A such that the other split light has an optical 
phase opposite to that of the above optical signal from the 
modulating unit (the intermediate waveguide 12-3 and the 
phase modulating unit 17 corresponding to the optical phase 
shifting unit), and the Y-shaped recombining portion 12B for 
making the above optical signal from the modulating unit 
and the light subjected to the phase shift by the optical phase 
shifting unit interfere with each other to suppress the direct 
current component contained in the above optical signal 
from the modulating unit and outputting the optical signal. 

The optical modulator 20B can give the same functions 
and effects as the optical modulator 20 according to the 
second embodiment. 

In the optical modulator 20B according to the second 
modification, the two split lights split by the Y-shaped 
splitting portion 12 A are subjected to the intensity modula- 
tion by the intensity modulating units 13' and 14' while 
propagated through the intermediate waveguides 12-2 and 
12-3, and subjected to the phase modulation by the phase 
modulating units 16 and 17, respectively. 

The optical modulator 20B can vary an intensity of the 
split light by the intensity modulating unit 14'. Therefore, it 
is possible to drive with a high extinction ratio the optical 
modulator 20B, in a state of arbitrary modulation or at an 
arbitrary minute voltage. 

In the optical modulator 20B, the phase modulating units 
16 and 17 have functions of complementarily adjusting 
states of phases of the two split lights propagated through the 
intermediate waveguides 12-2 and 12-3, respectively. 
Therefore, the optical modulator 20B has an effect of largely 
decreasing a phase difference at an intensity F of the optical 
signal recombined by the Y-shaped recombining portion 
12B and outputted therefrom, and effectively suppressing 
the direct current component contained in the intensity- 
modulated optical signal outputted from the intensity modu- 
lating unit 13'. 
What is claimed is: 
1. An optical modulator comprising: 
a power splitting unit for splitting the power of incident 

light into two courses of split light; 
a first intensity modulating unit connected to said power 
splitting unit for modulating the intensity of light on 
one of said two courses of split light split by said power 
splitting unit and for outputting an intensity-modulated 
optical signal containing a direct current component; 
an optical phase shifting unit connected to said power 
splitting unit for shifting the phase of light on the other 
course of split light split by said power splitting unit to 
produce a phase shifted optical signal having a phase 
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180° different from that of said intensity-modulated 
optical signal; and 
a direct current component suppressing unit connected to 
said first intensity modulating unit and said optical 
phase shifting unit for causing said intensity-modulated 5 
optical signal and said phase shifted optical signal to 
interfere with each other to suppress the direct current 
component contained in said intensity-modulated opti- 
cal signal. 

2. The optical modulator according to claim 1, wherein 10 
said power splitting unit splits said incident light such that 
the power of the light on the other course of split light is 
equal to the power of the direct current component contained 

in said intensity-modulated optical signal. 

3. The optical modulator according to claim 1, wherein 15 
said power splitting unit splits said incident light such that 
the power of the light on the other course of split light is 
equal to the maximum power of said intensity-modulated 
optical signal. 

4. The optical modulator according to claim 1, wherein 20 
said power splitting unit splits said incident light such that 
the power of the light on the other course of split light is at 

a power level intermediate between the maximum power of 
said intensity-modulated optical signal and the power of the 
direct current component. 25 

5. The optical modulator according to claim 1, wherein 
said power splitting unit, said first intensity modulating unit, 
said optical phase shifting unit and said direct current 
component suppressing unit are integrally formed using 
optical waveguide elements formed on an optical substrate. 30 

6. The optical modulator according to claim 5, wherein 
said optical phase shifting unit is an optical waveguide 
formed on said optical substrate and having an optical path 
length, the optical path length being adjusted so that the light 
on the other course of split light split by said power splitting 35 
unit has a phase opposite to that of said in tensity -modulated 
optical signal. 

7. The optical modulator according to claim 5, wherein 
said optical phase shifting unit is operable of performing a 
phase shift on an optical phase of the other course of split 40 
light split by said power splitting unit such that said other of 
split light has a phase difference of 180° to that of said 
intensity-modulated optical signal. 

8. The optical modulator according to claim 5 further 
comprising a second intensity modulating unit for modulat- 45 
ing intensity of the light on the other course of split light split 
by said power splitting unit, said second intensity modulat- 
ing unit and said optical phase shifting unit being integrally 
formed. 

9. An optical modulator comprising: 50 
a power splitting unit for splitting the power of incident 

light into two courses of split light; 
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a modulating unit for modulating the intensity and phase 
of light on one of the two courses of split light split by 
said power splitting unit, and for outputting an optical 
signal containing a direct current component; 

an optical phase shifting unit for shifting the optical phase 
of light on the other course of split light split by said 
power splitting unit to produce a phase shifted optical 
signal having a phase 180° different from that of the 
optical signal output by said modulating unit; and 

a direct current component suppressing unit for causing 
said optical signal output by said modulating unit and 
the phase shifted optical signal to interfere with each 
other to suppress the direct current component con- 
tained in said optical signal output by said modulating 
unit, and for outputting a suppressed optical signal. 

10. An optical modulating method comprising the steps 

of: 

when incident light is split into two courses of split light 
and then said split light is propagated through an 
optical waveguide formed on a birefringent substrate, 
modulating the intensity of light on one of the two 
courses of split light to produce a modulated optical 
signal containing a direct current component, and shift- 
ing the optical phase of light on the other course of split 
light to produce a phase shifted optical signal having a 
phase 180° different from that of the modulated optical 
signal; and 

causing said phase shifted optical signal and said modu- 
lated optical signal to interfere with each other to 
suppress the direct current component contained in said 
modulated optical signal, and for outputting a sup- 
pressed intensity-modulated optical signal. 

11. An optical modulator comprising: 

power splitting means for splitting the power of incident 
light into two courses of split light; 

first intensity modulating means for modulating the inten- 
sity of light on one of said two courses of split light split 
by said power splitting means and for outputting an 
intensity-modulated optical signal containing a direct 
current component; 

optical phase shifting means for shifting the phase of light 
on the other course of split light split by said power 
splitting means to produce a phase shifted optical signal 
having a phase 180° different from that of said 
intensity-modulated optical signal; and 

direct current component suppressing means for causing 
said intensity-modulated optical signal and said phase 
shifted optical signal to interfere with each other to 
suppress the direct current component contained in said 
intensity-modulated optical signal. 

* * * * * 
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